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Abstract: The emergence of the Tibetan Plateau is one of the most significant geological events in
East Asia. The Central Qilian Shan connects North and South Qilian Shan in the northeastern part of
the Tibetan Plateau. However, the exhumation history of the Central Qilian Block from the Mesozoic
to Cenozoic remains unclear. Determining the cooling ages of detrital zircon and apatite in modern
river sediments is an ideal method for tracing the evolutionary processes of orogenic belts. In this
study, we present the first single-grain detrital apatite (153) and zircon fission-track (108) data for
the Huangshui River sediments from the Central Qilian Shan. The decomposition of the dataset
revealed major Mesozoic and Cenozoic age peaks at ca. 145–93, and 11 Ma. The Central Qilian
Shan entered the intracontinental orogeny stage dating back to the Cretaceous (ca. 145–93 Ma) and
Late Cenozoic (ca. 11 Ma) caused by the subduction of the Neo-Tethys and Indian–Asian collision.
Therefore, we propose that the geomorphic framework of the northeastern margin of the Tibetan
Plateau was initially established during the Mesozoic and further consolidated in the Late Miocene.

Keywords: Central Qilian Shan; Huangshui River; detrital zircon; fission track; LA-ICP-MS;
Tibetan Plateau

1. Introduction

The emergence of the Tibetan Plateau is one of the most significant geological events
in East Asia [1–6] (Figure 1a). However, its details remain unclear. Two main evolutionary
models have been proposed for the Tibetan Plateau: (a) since the Early Cenozoic, the
Tibetan Plateau has experienced a gradual uplift from south to north and the geomorphic
boundary of the northeastern margin of the plateau appeared in the Pliocene [7,8]; and
(b) the rise of the northeastern Tibetan Plateau synchronously coincided with the India–
Eurasia collision to the south, which started in the Cenozoic [1,9]. The biggest difference
between the two models is the emergence time of the northeastern margin of the Tibetan
Plateau. Therefore, further research is needed to provide insights into the evolution of the
Tibetan Plateau.

The 800 km long Qilian Shan along the northernmost margin of the Tibetan Plateau
(Figure 1b) is an excellent location to study the formation of the Tibetan Plateau [9–14]. It
has experienced multiple episodes of tectonic deformation due to continental convergence,
oceanic opening and subduction, and intracontinental orogeny [15,16], recording the initial
appearance of the geomorphic boundary in the northeastern Tibetan Plateau [9,10,17]. The
Central Qilian Shan connects the North Qilian Shan and South Qilian Shan (Figure 1b),
which is important for understanding the evolutionary processes of the entire Qilian
orogenic belt [18–21].
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Figure 1. (a) Map showing the location of the Qilian Shan. (b) Tectonic units of the Qilian orogenic
belt including sampling locations from this and previous studies. Zircon U-Pb ages are from the
following references: (1) [22,23]; (2) [24]; (3) [25,26]; (4) [27,28]; (5) [29,30]; (6) [26]; (7) [31]; (8) [32].
(c) The geological map of the catchment of the Huangshui River following the 1:2.5 million scale
geologic map of China (modified from [33]).

The U–Pb age reflects the time of zircon crystallization at >700 ◦C and can be used to
identify the grain provenance from the comparison between bedrock and detrital ages [22].
It has been widely used to study the early tectonic evolution of the Central Qilian orogenic
belt [11,34–37]. In contrast, the fission-track ages of zircon (ZFT) and apatite (AFT) are low-
temperature thermochronometric data that are sensitive to temperatures ranging from 240
to 60 ◦C [9,38], recording the exhumation of the orogenic belt in a later period. Therefore,
they are commonly used to investigate the thermal history of the Central Qilian Shan. For
example, bedrock AFT results revealed that the initiation of uplift in the Central Qilian
Shan occurred between 17 and 13 Ma [39–41]. However, other authors have used bedrock
AFT and ZFT analyses to describe the rapid cooling of the Central Qilian Shan since the
Cretaceous [18,42–44]. In addition, Zuza et al. [19] reported the FT and (U–Th)/He ages of
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bedrock apatite and zircon from the Central Qilian Shan, suggesting that the exhumation
was initiated between 40 and 35 Ma. As the response times of different locations of the
bedrock’s orogenic belt to the same tectonic event are inconsistent, such crustal sections
may be completely eroded or may partly record the thermal history over time. Therefore,
the exhumation times of the Central Qilian Shan remain controversial.

As sediments are primarily transported by rivers from the orogen to the basins,
collecting samples from modern river sediments holds great potential for determining the
long-term evolutionary history of orogenic belts [45–50]. Detrital zircon and apatite grains
are accessory minerals that are abundant in river sediments and are well-established tools
for studying the long-term exhumation history of the southern [51] and western Tibetan
Plateau [52]. However, there is a lack of this type of research in the Central Qilian Shan (NE
Tibetan Plateau) (Figure 1c). Therefore, we conducted FT dating of modern fluvial detrital
zircon and apatite in the eastern parts of the Central Qilian Shan for the first time to discuss
its thermal history.

2. Geological Setting
2.1. Qilian Shan

The Qilian Shan between the Tarim Craton, North China Craton, and Qaidam Block
defines the modern northeastern boundary of the Tibetan Plateau (Figure 1a). Based on
the location of the suture zone, the Qilian orogenic belt can be divided into three parts
from north to south: the North Qilian Shan, the Central Qilian Shan, and the South Qilian
Shan [1,15,16] (Figure 1b). The entire Qilian Shan was reactivated by thrusting that began
during the Cretaceous along the Hexi Corridor to the north and the North Qaidam terrane
to the south [8,53–55] (Figure 2a,b). The Qilian orogenic belt has undergone a significant
lateral expansion and vertical uplift due to the far-field effect of the collision between India
and Eurasia since the Cenozoic [56,57] (Figure 2c).
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Figure 2. Reconstruction of the sea and land distribution map of East Asia from Neoproterozoic
to Cenozoic. (a,b) The convergence of the Lhasa terrane and Asia caused the exhumation of the
Qilian Shan in the Cretaceous. (c) The subduction of the Indian Plate under Asia led to multistage
exhumation events in the Qilian Shan during the Cenozoic. The original maps were obtained
from [58].

2.2. Daban Shan and Laji Shan

The eastern flank of the Central Qilian Shan includes the Daban Shan to the north and
Laji Shan to the south (Figure 1c). The Daban Shan trends WNW for ~200 km with a width
of ~50 km, is located at the northern margin of the Xining Basin, and is mainly composed of
Early Paleozoic marine clastic deposits, volcanic rocks, and Devonian conglomerates that
are unconformably covered by Mesozoic terrigenous clastic sediments [53] (Figure 1c). The
Laji Shan extends E–W for ~200 km and is 10–30 km wide. This range separates the Guide
Basin to the south from the Xining Basin to the north. During the Mesozoic and Cenozoic,
the Daban Shan and Laji Shan were characterized by an episode of renewed and intense
tectonic uplift [42,43,57]. The peaks of both Daban Shan and Laji Shan are at elevations
averaging more than 4000 m above sea level [42].
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2.3. Xining Basin

The area of the Xining Basin is ~100 × 80 km in size, and basin surface elevations
mainly range between 2000 and 3000 m. Approximately E–W-oriented elongated thrust
faults border the northern and southern margins of the Xining Basin along the northern and
southern piedmonts of the Laji Shan and Daban Shan [59]. Cretaceous sediments primarily
consist of sandstone and conglomerate, which were deposited along the two sides of the
Huangshui River [60,61] (Figure 1c). Cenozoic strata in the Xining Basin can be divided
into the Paleogene Xining and Neogene Guide groups. Neogene strata are almost devoid
of gypsum and are characterized by massive brown to yellowish brown mudstones and
siltstones intercalated with a conglomerate layer. The Xining Basin developed from a Late
Jurassic–Early Cretaceous fault-related basin into a Paleogene flexural foreland basin [60]
during intense basin deformation in the Miocene [42].

2.4. Huangshui River

The Huangshui River originates from the southern slope of the Datong Shan, has a total
length of 370 km and a drainage area of 3200 km2, and is an important tributary of the upper
reaches of the Yellow River. It flows roughly W–E through the Xining Basin, has deeply
incised the Precambrian to Mesozoic bedrock of the Xining Basin, and has formed up to
16 river terraces in the basin, with ages ranging from the Miocene to the Quaternary [61,62].
It merges with the Yellow River in the Gansu Province, China (Figure 1b).

Figure 3a shows that the detrital zircon ages of the three samples from the Huangshui
River can be divided into five peaks with age ranges of 246–509, 899–1176, 1620–2089, and
2131–2610 Ma [22,23]. Characteristic age spectra of the Huangshui River samples resemble
the detrital zircon age spectra of samples from the Central Qilian Shan [47] (Figure 3b).
They also match the North Qilian Shan’s source rock signatures [48,49] (Figure 3c), mainly
because the Central and North Qilian terranes have similar evolutionary histories [26,50].
In addition, the data are broadly comparable to those from modern river and bedrock
samples along the South Qilian Shan [44,61] (Figure 3d), Alxa Block [58] (Figure 3e), West
Qinling [63] (Figure 3f), and upper reaches of the Yellow River [64] (Figure 3g). Age ranges
of 700–900 Ma, 1800 Ma, and 2500 Ma were not obtained for the South Qilian Shan and
West Qinling, whereas the samples from the Alxa Block lacked ages within the range of
200–500 Ma. Furthermore, the peak age composition of Yellow River samples differed from
that of Huangshui River samples.
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Figure 3. Compilation of detrital zircon U–Pb age spectra. Blue-shaded areas are kernel density
estimates. (a) Modern river samples from the Huangshui River [22,23]. (b) Bedrock data for the
Central Qilian Shan [24]. (c) Bedrock data for the North Qilian Shan [25,26]. (d) River data of the
eastern section of the South Qilian Shan [27,28]. (e) Bedrock data for the Alxa Block [26]. (f) Integration
of river sediment data from West Qinling [31]. (g) Modern river sediments in the upper reaches of
the Yellow River [32].

3. Methods and Materials

We collected five sand samples (each ~3–5 kg) to conduct detrital ZFT and AFT
dating on modern Huangshui River sediments (Figure 4). Sampling spots were chosen to
obtain cooling age distributions from catchments at varying distances from upstream to
downstream. The AFT and ZFT sampling information is presented in Table 1. Zircon and
apatite mineral separation was conducted using standard separation techniques including
jaw crushing and milling, sieving and washing, magnetic separators, and heavy-liquid
separation. Each sample was hand-cleaned under a microscope to yield pure apatite
and zircon grains suitable for FT analysis. Selected grains were mounted on Teflon and
polished to reveal internal surfaces. All samples were dated using the 213 nm New Wave
laser ablation system and inductively coupled plasma mass (Agilent 7800) spectrometry
(LA-ICP-MS) at the Chronus Camp Research–Thermochronology Laboratory facilities
in Brazil.
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Figure 4. Photos of fluvial detrital sample collection in the Huangshui River Basin.

Table 1. Detrital apatite and zircon FT data of samples from the Huangshui River drainage.

Sample GPS AFT ZFT

HY-1 101◦18′14′′

36◦40′55′′ 40 24

LD-1 102◦22′22′′

36◦28′58′′ 39 20

DTH-1 102◦50′05′′

36◦20′54′′ 28 21

HSH-1 102◦55′04′′

36◦18′21′′ 33 18

HSH-2 103◦20′49′′

36◦07′12′′ 13 25

The apatite grains were etched in NHO3 (5.5 M) for 20 s at 21 ◦C to make the FTs
visible [63]. AFTs were calibrated using the Durango standard (as age sample). The 238U
concentration was determined using uranium standards (Dur-2 and MT-7) with a <1.5% U
variation [64]. The isotope concentration was carried out using a Neptune high-resolution
multicollector ICP-MS coupled to a 193 Analyte Excite laser ablation system. Finally, NIST
SRM 610 was analyzed together with age and uranium standards to check the LA-ICP-MS
performance during analysis. The zircon grains were etched in a eutectic solution of KOH
and NaOH at 228 ◦C for 18 h to reveal spontaneous FTs. Spontaneous FTs were counted
after drying using a fully automated Leica DM6M microscope at a nominal magnification
of 1000×. The ZFT ages were calibrated using Fish Canyon Tuff (FCT) as an age standard.
Isotopes were measured using a quadrupole ICP-MS Agilent 7800 coupled to a UP213 nm
New Wave Research laser ablation system [64]. The laser ablation spot size was selected to
cover the maximum area of apatite and zircon grains in which FTs were measured. FT ages
were calculated using the calibration method reported in Hurford and Green [65].

4. Results

In total, we obtained 152 and 106 new detrital AFT and ZFT single grain ages ranging
from 627 to 0.5 Ma and 966 to 36.9 Ma, respectively (see Supplementary Materials Tables
S1 and S2). The DensityPlotter program was used to decompose the age peaks. Due to
the small number of zircon and apatite particles analyzed, which were located in the same
small watershed, we combined them into one sample each.

Zircon U-Pb ages (≤1000 Ma) of the Huangshui River samples included the (1) Neopro-
terozoic age (19.48% of the grains), (2) Paleozoic age (75.38% of the grains), and (3) Mesozoic
age (~5.12% of the grains) (Figure 5c). All other grains with FT ≤ U-Pb ages were consid-
ered to represent source rocks that cooled due to exhumation during the Mesozoic and
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Cenozoic. AFT data, which provided information on the most recent thermal history and
exhumation of source rocks, complemented the zircon U-Pb and ZFT data.
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5. Discussion

Based on the assumption that detrital ZFT and AFT ages have not been reset by heating
due to modern rivers and/or postdepositional burial in basins, the measured ages relate
either to the formation age of a source area or its exhumation history [45,48,67–69]. The
present-day thickness of the Xining Basin succession is limited (<3 km) and the regional
thermal gradient is low (20–30 ◦C/km), suggesting low burial temperatures [43]. Based
on this piece of evidence, significant postdepositional sample annealing can be ruled out.
Detrital zircon U-Pb ages suggest that the fluvial sediments from the Huangshui River
drainage were mainly sourced from the Central Qilian Shan [22,23]. Therefore, all samples
yielded unreset cooling-age populations carrying a source area’s magmatic or exhumation
signal from the Xining Basin and both sides of the orogenic belts. However, since the U-Pb
age analysis of the same zircon and apatite particles was not carried out, it is difficult to
determine whether the particles with the same ZFT age and zircon U-Pb age recorded
magmatic events. Among the samples from the Huangshui River, the youngest concordant
U–Pb peak age obtained for detrital zircons was 226 Ma [23]. The magmatic events in the
entire Qilian Shan almost completely ceased after the Mesozoic period [10,16], indicating
that the Mesozoic–Cenozoic FT ages obtained for the Huangshui River samples were
exhumation rather than magmatic signals (Figure 5). Therefore, we compared the modern
Huangshui River detrital dataset with the bedrock AFT or ZFT ages of samples exposed
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in the catchments and nearby areas, discussing the exhumation events along the Central
Qilian Shan during the Mesozoic and Cenozoic periods.

5.1. The Mesozoic Exhumation

The AFT and ZFT peak ages ranging from 145 to 93 Ma belong to the Early Cretaceous
and Late Cretaceous periods. Cretaceous (143 Ma and 97 Ma) AFT ages were obtained for the
basement rocks of the Xining Basin [70] (Figure 6a(1)). The sedimentary record of the structural
rejuvenation in the South Qilian Shan and North Qilian Shan preserved in the northeastern
Qaidam Basin and Hexi Corridor indicates that intense tectonism occurred during the Early
Cretaceous [54,56,71] (Figure 6a(2)). The sediment accumulation record, basin provenance, and
angular unconformity between the strata provide evidence for rapid exhumation events within
the Xining Basin during the Early Cretaceous and Late Cretaceous [57] (Figure 6a(3)). Detrital
AFT data within the Xining Basin (94-77 Ma) [72] (Figure 6a(4)) and bedrock AFT data from
the Daban Shan (88–70 Ma) [42] (Figure 6a(5)), and Laji Shan (93–85 Ma) [43] (Figure 6a(6))
demonstrate that rapid exhumation occurred during the Late Cretaceous. Therefore, the
basements of the Xining Basin, Daban Shan, and Laji Shan are direct sources of the Cretaceous
FT ages in our fluvial samples. This suggests that recycling of these sedimentary strata likely
contributed zircon and apatite to modern fluvial sediments of the Huangshui River Basin. AFT
thermal history modeling of samples from the western sectors of Central Qilian Shan revealed
that rapid cooling occurred in the Cretaceous [18,20] (Figure 6a(7)), which was associated with
the subduction of the Lhasa terrane along the southern margin of the Asian lithosphere [1,8]. This
cooling event also occurred in the North [8,54,73] (Figure 6a(8)) and South Qilian Shan [17,74,75]
(Figure 6a(9)). This indicates that the geomorphic framework of the northeastern margin of the
Tibetan Plateau was initially established during the Mesozoic period (Figures 2a,b and 6b).

5.2. Cenozoic Exhumation

Our data confirm that the ongoing phase of exhumation of the Huangshui River drainage
started at 11 Ma. This event may correspond to the rapid exhumation of the Laji Shan and
Xining Basins during that time (10–8 Ma) [42,43,70] (Figure 6a(10)). The oldest fluvial terrace
age was obtained in the upper reaches of the Huangshui River (10–6 Ma), corresponding to the
Late Miocene exhumation of the Daban Shan and Laji Shan [61,62] (Figure 6a(11)). The bedrock
apatite FT ages constrain the western parts of the Central Qilian Shan exhumed at 8 Ma [18]
(Figure 6a(12)). This is consistent with the peak age of the detrital AFT (13–7 Ma) obtained for
Danghe River samples [46] (Figure 6a(13)) as well as the broad bedrock AHe and AFT results
of the North Qilian Shan (10–7 Ma [76,77]; Figure 6a(14)) and South Qilian Shan (7 Ma, [18,78];
Figure 6a(15)). An increase in exhumation and erosion in the Qilian Shan responded to the
collision between the Indian and Eurasian continents during the Late Cenozoic [79,80]. Pollen
records indicate the NE Tibetan Plateau increased rapidly to 3685 ± 87 m in the Late Miocene
(~11 Ma) in the east, and to 3589 ± 62 m at ~7 Ma in the west [81]. Overall, our AFT data
largely reflect an intense shallow-crust exhumation from the Huangshui River Basin, which is
consistent with the topographic features of the mountain–river–basin distributions in the NE
Tibetan Plateau that were gradually built from the Late Miocene (Figure 6b).
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6. Conclusions

Based on detrital ZFT and AFT analyses from the Huangshui River drainage, we
derived information about both magmatic and exhumation cooling within the Central
Qilian Shan:

(1) Mesozoic exhumations (145 and 93 Ma) in the Huangshui River drainage are re-
lated to the subduction of the Neo-Tethys Ocean. The geomorphic framework of
the northeastern margin of the Tibetan Plateau was initially established during the
Mesozoic period.

(2) The Central Qilian Shan responded to the collision between the Indian and Eurasian
blocks during the Late Miocene (11 Ma), laying the foundation for the topographic
features in the NE Tibetan Plateau.
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Huangshui River; Table S2: Zircon fission track results from the Huangshui River.
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