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Abstract: Understanding the formation of the North Qilian Shan in the NE Tibetan Plateau provides
insights into the growth mechanisms of the northern region of the plateau across time. Detrital zircon
fission-track (ZFT) analyses of river sediments can provide a comprehensive understanding of the
exhumation history during prolonged orogenesis. Here, we applied the detrital thermochronology
approach to the Qilian Shan orogenic belt. This work presents the first single-grain detrital ZFT
data from river-bed sediments of the upper Hei River catchment in North Qilian Shan. The single
ZFT ages are widely distributed between about 1200 Ma and about 40 Ma. These data record the
protracted history of the Qilian Shan region from the Neoproterozoic evolution of Rodinia and
late Paleozoic amalgamation of Central Asia to the accretion of the Gondwanian blocks during
the Meso-Cenozoic era. Strong post-magmatic cooling events occurred in North Qilian Shan at
1200~1000 Ma, corresponding to the assembly of the Rodinia supercontinent. The age population at
800 Ma documents the oceanic spreading in the late Neoproterozoic dismantling of Rodinia. ZFT
ages ranging from about 750 Ma to 550 Ma (with age peaks at 723 Ma and 588 Ma) are consistent with
the timing of the opening and spreading of the Qilian Ocean. The age peaks at 523 Ma and 450 Ma
mark the progressive closure of that ocean ending with the collision of the Qilian block with the
Alxa block—North China craton in the Devonian. The Qilian Ocean finally closed in Late Devonian
(age peak at 375 Ma). In the late Paleozoic (275 Ma), the subduction of the Paleotethys Ocean led to
extensive magmatic activity in the North Qilian Shan. During the Lower Cretaceous (145 Ma), the
accretion of the Lhasa block to the south (and potentially the closure of the Mongol-Okhotsk Ocean
to the northeast) triggered a renewed tectonic activity in the Qilian Shan. Finally, a poorly defined
early Eocene exhumation event (50 Ma) suggests that the NE Tibetan Plateau started to deform nearly
synchronously with the onset of the India-Asia collision. This study demonstrates the usefulness of
combining modern-river detrital thermo-/geochronological ages and bedrock geochronological ages
to understand large-scale orogenic evolution processes.
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Geosciences 2022, 12, 166. https://doi.org/10.3390/geosciences12040166 https://www.mdpi.com/journal/geosciences

https://doi.org/10.3390/geosciences12040166
https://doi.org/10.3390/geosciences12040166
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/geosciences
https://www.mdpi.com
https://orcid.org/0000-0002-1160-9386
https://orcid.org/0000-0001-7108-6452
https://orcid.org/0000-0003-3758-3222
https://doi.org/10.3390/geosciences12040166
https://www.mdpi.com/journal/geosciences
https://www.mdpi.com/article/10.3390/geosciences12040166?type=check_update&version=2


Geosciences 2022, 12, 166 2 of 20

1. Introduction

The Qilian Shan is a NW-SE trending orogenic belt forming the northeastern margin of
the Tibetan Plateau [1–8] (Figure 1A). The topography and exhumation pattern of the range
provide a complete record of the timing and style of exhumation of the NE Tibetan Plateau
during the Cenozoic orogeny [9–16] (Figure 1B,C). The tectonic evolution of the Qilian
Shan is still highly debated between two main models: (1) the whole uplift of the Qilian
Shan coincided with the collision time of India and Eurasia in the early Cenozoic [1]; or
(2) the Qilian Shan gradually uplifted from south to north and became a part of the north-
eastern margin of the Tibetan Plateau in the Late Miocene to the Pliocene [17]. The range
also preserved fragments of the paleogeography and thermal structure prevailing prior to
the India-Asia collision [2,18–22]. However, the characteristics of that pre-Cenozoic land-
scape are also debated, especially the potential occurrence of a Mesozoic plateau [23–27].
Therefore, while the Qilian Shan represents a unique object to assess and quantify the
geodynamic processes that controlled the formation and extent of the Tibetan Plateau,
many uncertainties still remain that require further data [2,28–32].
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Figure 1. (A) Main structural blocks forming the Tibetan Plateau and its surrounding regions (Mod-
ified from [33]); (B) map showing the major rivers draining the Qilian Shan and adjacent regions. 
The numbers in white circles refer to published fluvial detrital zircon analysis studies; (C) schematic 
geological cross-section of the a-a′ trace in Figure 1B (Modified from [16]); (D) simplified geological 
map and granite zircon U-Pb sampling locations along the upper reaches of the Hei River. This map 
is re-drawn from [6]; Zircon U-Pb ages are from (1) [6,34,35]; (2) [36,37]). 
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strain the timing of onset of exhumation phases in the well-studied North Qilian Shan 
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unevenly overprinted by the Cenozoic one. 

When studying the tectonic evolution of a mountain range, bedrock multi-methods 
thermochronological dating has the advantage of recording the cooling of rocks at a spe-
cific location over a wide range of temperatures. However, access to exposed bedrock can 
be limited due, for example, to thick vegetation, ice cover, or steep slopes, preventing an 
exhaustive coverage of the studied range. On the contrary, thermochronological dating of 
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large-scale record of the exhumation history of the range [56–59]. Erosional material pro-
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Figure 1. (A) Main structural blocks forming the Tibetan Plateau and its surrounding regions
Modified from [33]); (B) map showing the major rivers draining the Qilian Shan and adjacent regions.
The numbers in white circles refer to published fluvial detrital zircon analysis studies; (C) schematic
geological cross-section of the a–a′ trace in Figure 1B (Modified from [16]); (D) simplified geological
map and granite zircon U-Pb sampling locations along the upper reaches of the Hei River. This map
is re-drawn from [6]; Zircon U-Pb ages are from (1) [6,34,35]; (2) [36,37]).

The zircon U-Pb geochronological system, with closure temperatures of 900–700 ◦C
is highly resistant to thermal overprinting and therefore, in the absence of major meta-
morphic fluid circulation [38], largely preserves magmatic or high-grade metamorphic
ages [39–41]. U-Pb geochronology, applied to basement rocks and associated to structural
and petrographic studies has been widely used to constrain the Paleozoic early formation
of the North Qilian Shan, a sub-range corresponding to the frontal part of the Qilian Shan.
This early evolution proved to be geodynamically complex, implying major exhumation
phases driven by crustal growth, accretion, and collision events [32,42,43]. In contrast,
the effects of the Cenozoic phase appear more limited, with exhumation being restricted
to the upper crust. In that context, low temperature dating methods such as apatite fis-
sion tracks (AFT) and (U-Th)/He (AHe) (thermal sensitivity ranges of the systems are
120–60 ◦C and 80–40 ◦C, respectively) have proven to be essential to investigate the ongo-
ing orogeny [2,9,22,44–46]. Nonetheless, when considering the various approaches used to
constrain the timing of onset of exhumation phases in the well-studied North Qilian Shan
sub-range, little consensus has been reached: ~60–50 Ma [13,22,47], 40–30 Ma [2,10,48],
20–10 Ma [49–52], and ~7–5 Ma [53–55]. The discrepancies between those results are linked
to the peculiar thermal state of the range that partly preserved the Mesozoic thermal pattern
unevenly overprinted by the Cenozoic one.

When studying the tectonic evolution of a mountain range, bedrock multi-methods
thermochronological dating has the advantage of recording the cooling of rocks at a specific
location over a wide range of temperatures. However, access to exposed bedrock can be
limited due, for example, to thick vegetation, ice cover, or steep slopes, preventing an
exhaustive coverage of the studied range. On the contrary, thermochronological dating of
detrital minerals in sedimentary basins adjacent to the orogen provide an integrated, large-
scale record of the exhumation history of the range [56–59]. Erosional material produced
over the whole area of a given drainage system is ultimately collected into the river network.
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Detrital thermochronology of modern river sediments thus represents a unique opportunity
to assess the large-scale exhumation history of an orogen [30,60–67] (Figure 2).

Figure 2. Cartoon showing the source-to-sink relationship between bedrock erosion and fore-
land deposition. The exhumation path can be restored by either bedrock low-temperature ther-
mochronology data (AHe, AFT, and ZFT) from the orogen or detrital data from the foreland basin
and river sediments.

Zircon fission-track (ZFT) closure temperature is about 240 ± 20 ◦C [68,69], allowing
the investigation of deeper (and generally older) exhumation events than the lower tem-
perature AFT and AHe methods [2,70,71]. Applied to the North Qilian Shan, the method
should thus provide access to the Mesozoic thermal pattern allowing deconvolution of the
two signals in areas where the lower temperature signal has been overprinted by the Ceno-
zoic cooling phase. In this work we report the first fission-track analysis results on detrital
zircons obtained from modern sands of the Hei River that flows from the North Qilian Shan
down to the Hexi corridor (Figure 1). We combine our detrital ZFT results with published
detrital and bedrock thermochronological data, zircon U-Pb ages, and stratigraphic studies
to investigate the long-term exhumation history of the North Qilian Shan and improve our
understanding of the long-term evolution of the NE Tibetan Plateau region.

2. Geological Setting
2.1. Qilian Shan

The Qilian Shan separates the Qaidam Basin from the North China Craton (Figure 1B)
and reach peak elevations of ~5500 m for a mean surface elevation of ~4000 m. The range
is composed of a series of NW-SE-trending mountains, including in its northern part, the
North Qaidam Terrane, the South Qilian Shan, the Danghe Nan Shan, the Shule Nan Shan,
the Tuole Shan and the North Qilian Shan. These sub-ranges are separated by several major
active thrust and strike-slip faults, namely the North Qilian Fault, the Haiyuan Fault and
the North Qaidam Basin Fault [53,72,73].

The North Qilian Shan basement is formed by a typical oceanic suture zone facies
association [6,32,33]. It includes Neoproterozoic to early Paleozoic ophiolite sequences,
ultra-high pressure metamorphic belts, island-arc volcanic rocks and granitoids (Figure 1D).
The North Qilian Shan preserves evidence for the initial assembly of the Rodinia super-
continent (1100–900 Ma), the extension and rifting events (900–750 Ma) that finally led
to continental breakup (750–600 Ma) [73,74] (Figure 3A). Following the break-up of the
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Rodinia supercontinent, the Qilian Ocean opened, spreading during 750–520 Ma [6,75]
(Figure 3B). Continental plates movements led to the final closure of the Qilian oceanic basin
in Ordovician-Silurian times following the subduction of the North Qilian paleo-ocean
under the Alxa block (the present-day western part of the North China block) [1,6,33,73,74]
(Figure 3C). The associated sedimentary sequence is composed of Silurian flysch deposits
and Devonian molasse (Xu et al., 2010; Zuza et al., 2018). Subsequently, the subduction of
the Paleo-Tethys Ocean during the late Paleozoic triggered several magmatic and metamor-
phic events accompanied by varying degrees of uplift and exhumation within the North
Qilian Shan region [40,42,76,77] (Figure 3D).

Figure 3. Meso-Neoproterozoic and Cenozoic paleogeographic maps (Modifed from [73,78]). (A) The
Rodinia supercontinent at its maximum expansion (1000–850 Ma); (B) late Neoproterozoic-Early
Paleozoic spreading of the Qilian Ocean; (C) collision of the Qilian and Alxa blocks and closure of
the Qilian Ocean; (D) progressive closure of the Paleo-Tethys Ocean and exhumation of the Qilian
Shan; (E) the collision of the Lhasa plate with Eurasia caused the exhumation of Qilian Shan during
the Early Cretaceous; (F) the Indian plate collided with Eurasia in the early Cenozoic and caused the
exhumation of Qilian Shan. The red star marks the position of the Qilian Block.
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The Paleozoic Qilian Shan orogen was reactivated by the far-field effects of block collisions
along the southern edge of the Asian continent, especially that of the Qiangtang and Lhasa
blocks, respectively during the Permo-Triassic [76,79–81] and Early Cretaceous [2,7,82–84]
(Figure 3E). This renewed tectonic activity led to erosion and deposition of Permo-Triassic
and Cretaceous coarse clastic sediments in the piedmont of the North Qilian Shan that was
extending up to the present-day upper reaches of the Hei River [7,18,21] (Figure 1C). Low-
temperature thermochronological studies indicate that pulses of exhumation occurred in
the North Qilian Shan from west to east during the Triassic and Early Cretaceous [2,32,85].
Therefore, the Mesozoic tectonic reactivation was characterized by contractional deforma-
tion, resulting in shortening and thickening within the North Qilian Shan during these peri-
ods [2,18,22,86]. The Cenozoic deformation and uplift of the North Qilian Shan is recorded
in the Jiuquan and Minle foreland basins (Figures 1 and 3F): from Eocene-Oligocene on-
ward, coarse clastic sediments were deposited with increasing sedimentation rates and
several angular unconformities [48,87] (Figure 4).

Figure 4. Regional stratigraphy and tectonic evolution in the North Qilian Shan ([6,33,88,89]).
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2.2. Hei River

The Hei River is the second-largest endorheic fluvial system in NW China (Figure 1B).
The upper reaches of the river are composed of a western tributary and an eastern tributary
that merge near Qilian city. The western tributary is the main stream flowing from the
North Qilian Shan over a distance of 208 km until the confluence in Qilian city [30]. It then
flows into the Hexi Corridor where it largely disappears in the desert. The eastern tributary,
the Babao River, originates from the eastern parts of the North Qilian Shan. With a length
of 106 km, it ultimately joins the upper reaches of the Hei River near Qilian city. The total
length of the Hei River exceeds 821 km, with a drainage area of about 130,000 km2 [90].

U-Pb analysis of detrital zircons from modern river-bed sands has become an effective
tool for provenance studies, comparing the U-Pb age statistical distribution in sand samples
with the known zircon U-Pb ages of bedrock in the drainage system [91]. Detrital zircon
grains from rivers in the western parts of the North Qilian Shan (location 1 on Figure 1B)
yielded five major U-Pb peak ages at 273 Ma, 462 Ma, 756 Ma, 1835 Ma and 2440 Ma [92]
(Figure 5a). Detrital zircons found in the river sediments from the central parts of the North
Qilian Shan (location 2 on Figure 1B) can again be divided into five major U-Pb peak ages
at 267 Ma, 443 Ma, 973 Ma, 1776 Ma and 2481 Ma [93] (Figure 5b). Detrital zircons from
the Hei River (locations 3 on Figure 1B) still show five major U-Pb peak ages at 270 Ma,
450 Ma, 950 Ma, 1850 Ma and 2450 Ma, lacking the 756 Ma peak observed in the western
North Qilian Shan River [91] (Figure 5c). The bedrock samples from North Qilian Shan
have zircon U-Pb age distributions that can be generally divided into five peaks: 2500 Ma,
1800 Ma, 900 Ma, 750 Ma, 440 Ma, and 270 Ma [6,35,36,90] (Figure 5d). These peaks are
largely similar to the peaks observed in the detrital zircon U-Pb ages. Detrital zircon U-Pb
age populations obtained from compiling the whole North Qilian Shan sediment studies
are thus consistent with the U-Pb ages reported from basement rocks cropping out along
the modern North Qilian orogenic belt. This result assesses the geographic large-scale
representativity of detrital ages in the modern rivers of the North Qilian Shan relative to
the existing sources [60,63,64]. However, it seems that the Hei River does not reach the
756 Ma source observed in the western North Qilian Shan River.

Figure 5. Comparison of the U-Pb age peaks of detrital river zircon grains from Western North Qilian
Shan ((a), [92]), Central North Qilian Shan ((b), [93]), whole Hei River ((c), [90]) with those from the
North Qilian Shan ((d), [6,35,36,90]).
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3. Methods and Materials

Ten samples composed of ~3–5 kg of sand were collected from the upper Hei river, the
Babao river, and various affluents for detrital ZFT analysis (Figure 6). Following mineral
separation through conventional methods, zircon grains were mounted in Teflon sheets
and polished using aluminum oxides (powder granulometries of 3.0 µm and 0.3 µm) to
expose internal grain surfaces. As we did no obtain enough zircon crystals to mount several
aliquots [68,94–96], spontaneous fission tracks were revealed using chemical etching in
an eutectic mixture of NaOH and KOH during 18 h at 225 ◦C [68,94–97]. The revealed
spontaneous fission-tracks were counted using a full automated Leica DM6M microscope
with nominal magnification of 1000×. Zircon fission-track ages were calibrated using
Fish Canyon Tuff (FCT) as an age standard [98]. Uranium content was measured us-
ing a quadrupole ICP-MS Agilent 7800 coupled with a UP213 nm New Wave Research
Laser Ablation system at Chronus Camp Research-Thermochronology Laboratory facilities,
Brazil [99]. A laser ablation spot diameter between 30 µm and 40 µm was chosen to cover
the area over which spontaneous fission tracks were counted. The fission-track ages were
calculated using the scheme presented by Donelick [100] using a modified zeta calibration
approach [101,102].
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Figure 6. Sampling locations for available detrital zircon U-Pb (stars, [90]) and ZFT (circles, this
study) data in the Hei River drainage. The color of the stars and circle refer to the different studies.

4. Results

The locations of the samples are shown in Figure 6, and their GPS coordinates are
listed in Table 1. Statistical analysis of detrital zircon fission track data ideally requires
dating 100–50 zircon grains per sample [103]. However, due to the numerous metamict
grains, zircons with strong U-zoning, fractures, and crystals presenting areas too small to
be counted [61], only between 24 and 6 grains could be analyzed in each sample. To allow a
robust statistical analysis we combined all zircon single-grain FT ages into a single data-set
and calculated ZFT age populations using the Density Plotter software [104]. This approach
provided a thermochronological signal integrated over the c.a. 8000 km2 of the Hei River
upper drainage system (Figure 6).

The ZFT single ages are widely distributed between about 1200 Ma and about 40 Ma,
implying that a large part of the geological history of the range is preserved within the
medium-temperature thermal range (Figure 7). Note that the mean error on individual ages
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is of 35% implying that the oldest ages (especially Proterozoic) may sometimes be poorly
defined. The Proterozoic ages represent 33% of the total amount of data. A first group
of a few late Mesoproterozoic ages displays a statistically relevant peak age (composed
of at least three individual ages) at 1057 Ma. The Neoproterozoic ages are distributed
between 900 Ma and 550 Ma with individual peaks at 900 Ma, 800 Ma, and 588 Ma. While
the 900 Ma peak is represented by a small number of ages, the 800 Ma peak is clearly
discernible, possibly corresponding to a single geological event. The youngest ages are
largely spread between 750 Ma and 550 Ma with a higher density of Ediacarian ages
corresponding to the 588 Ma peak. Paleozoic ages are representing the higher proportion
(46%) of the total amount of data. Early Paleozoic ages are mostly clustering between
two peaks in the Cambrian and Ordovician at 523 Ma and 450 Ma while the Late Paleozoic
ages show two peaks in the Devonian and Permian at 375 Ma and 275 Ma. Mesozoic
ages, representing 19% of the total number of data, are displaying a well-constrained peak
at 145 Ma. Finally, the Cenozoic data are only represented by four ages (2% of the total
number of data) form a poorly defined population peaking at 50 Ma. The detailed FT
analytical results of the detrital zircons are listed in Supplementary Table S1.

Table 1. Collected detrital ZFT samples.

Sample Number Latitude Longitude Number of Single-Grain Ages

HEH-1 38◦16′14′′ 99◦52′54” 20
HEH-2 38◦54′05′′ 98◦48′15′′ 18
HEH-3 38◦37′06′′ 99◦20′53′′ 17
HEH-4 38◦24′24′′ 99◦38′46′′ 16
SHL-1 39◦29′43′′ 96◦31′29′′ 7
HLG-1 38◦15′06′′ 99◦52′29′′ 21
HLG-2 38◦15′04′′ 99◦52′56′′ 21
STG-1 38◦16′17′′ 99◦53′12′′ 6
HEH-5 38◦13′20′′ 100◦10′57′′ 24
DBH-1 38◦13′20′′ 100◦11′03′′ 19

Figure 7. Kernel analysis histogram of all individual ZFT ages obtained from the Hei River. Calculated
using the Density Plotter software (Version 8.5, Vermeesch, P, London, UK, https://www.ucl.ac.uk/
~ucfbpve/densityplotter/, accessed on 25 February 2022) [104]. Raw analytical data are available as
“Supplement Table S1” to this article.

https://www.ucl.ac.uk/~ucfbpve/densityplotter/
https://www.ucl.ac.uk/~ucfbpve/densityplotter/
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5. Discussion

Compiling the new ZFT data presented above and the detrital zircon U-Pb data
available in the bibliography, we discuss the various tectono-metamorphic events that
affected the North Qilian Shan since the Proterozoic. A specific focus is made on deciphering
the Mesozoic events from the Cenozoic one.

5.1. The Meso-Neoproterozoic and Paleozoic Magmatic Activity

The late Mesoproterozoic to early Neoproterozoic ZFT ages, including the peaks at
1057 Ma and 900 Ma relate to the assembly of the Rodinia supercontinent (Figures 8A and 9A).
Zircon U-Pb ages obtained from the basement and fluvial sediments of the North Qil-
ian Shan indeed record magmatism during this period [90] (Figure 8B). It should be
noted that an older zircon U-Pb age population at 2500 Ma is not represented in the ZFT
ages [6,35,36,90] (Figure 5d). The ZFT ages do not match the Archean zircon U-Pb age
peaks, which conventional interpretation would ascribe to the likelihood of sediment recy-
cling [39]. Similar Proterozoic zircon U-Pb ages have been obtained over most of the Qilian
Shan (see Section 2.1) [43,105–108]. Widespread late Mesoproterozoic-early Neoproterozoic
magmatic activity also occurred in the Alxa block [109,110], the Tarim Craton [111,112],
and the South China Craton [113,114], in relation with the construction of the Rodinia
supercontinent [115] (Figure 3A). In that framework, we interpret the Proterozoic detrital
ZFT age populations in the Hei River basin as recording the accretion of the North Qilian
block to the Rodinia supercontinent.

Figure 8. (A) Frequency distribution of detrital zircon fission track ages in the upper reaches of the
Hei River. (B) U-Pb age frequency distribution of Middle Proterozoic and Mesozoic detrital zircons
in the Hei River basin. Data source: [90].
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The detrital ZFT age population at 800 Ma documents the magmatic-thermal rifting
activity and onset of opening of the Qilian Ocean in the North Qilian Shan. This rifting
phase was associated to granite intrusions as reflected by the U-Pb ages of bedrock and
detrital zircons in the Hei River basin [90], and North [6,7,36], Central [107] and South
Qilian basements [117]. During that same period, simultaneous magmatic activities took
place in the Alxa, Tarim, and Yangtze blocks, in relation with the breakup of the Rodinia
supercontinent [7,8,75,116,118,119].

The late Neoproterozoic zircons with fission track ages ranging from about 750 Ma to
550 Ma, including the peak age at 588 Ma are consistent with the timing of the opening and
spreading of the Qilian Ocean (Figure 9B). Oceanic spreading was accompanied by exten-
sive volcanism recorded in the whole Qilian Shan orogen [6,7,43,90,107,117]. The results
presented above imply that some of those magmatic zircons have remained in the upper
crust (above 8 to 10 km depth) since the late Mesoproterozoic and avoided fission track
annealing during the following tectonic and metamorphic events. This in turn suggests
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that both the Late Proterozoic and Paleozoic orogenic events that took place in the Qilian
Shan region remained limited in terms of metamorphism and crustal exhumation.

It is generally considered that the subduction and closure of the North Qilian Ocean
and subsequent continent-continent collision between the North Qilian Block and Alxa
Block occurred in the early Paleozoic [6,73] and that the Qilian Ocean was fully closed at
440–450 Ma [6,7,33,107,120] (Figures 9C and 10A). The early Paleozoic ZFT ages including
the two peaks at 523 Ma and 450 Ma are directly associated to that final closure of the
Qilian Ocean (Figure 8A). The peak age at about 450 Ma is also strongly represented in
the detrital U-Pb data as well as in the basement zircon U-Pb data (Figure 5d). Since older,
Proterozoic ages have been preserved in the range, implying a low limited post-Proterozoic
exhumation, this suggests that the granitoids associated to that initial phase of collision where
emplaced within the upper-crust and cooled down rapidly to less than 250 ◦C. However,
the continent-continent collision between the North Qilian and Alxa blocks lasted until late
Silurian-early Devonian (420–380 Ma, [72]), as indicated by the Silurian flysch deposits that
shift to Devonian molasse rocks in the Hexi Corridor [6,7,33,121]. The samples collected in
the Hei River system contain Devonian to Early Carboniferous ZFT ages (with a peak age at
375 Ma), which recorded that long-lasting collision. A similar zircon U-Pb peak age (380 Ma)
has been reported from the Hei River basin ([90], Figure 8B), which indicates that ZFT ages
again correspond to granitoid emplacement and not to a strong exhumation event.

The well-marked ZFT population peaking at 275 Ma indicates a Late Paleozoic event.
The late Paleozoic magmatic and sedimentary series from the southernmost part of the
Alxa block yield relatively consistent early Permian apatite U-Pb and FT ages ranging from
276 Ma to 290 Ma [122]. In addition, ZFT and AFT results from the western part of the North
Qilian Shan document magmatic event that occurred at 270–250 Ma [9,85]. This signal
can also be found in the detrital zircons U-Pb ages (270 Ma) from the whole Hei River
drainage [90]. Zircon (U-Th)/He and AFT ages reveal that the emplacement of the Heli
Shan and the Longshou Shan granitoids occurred at 275 Ma and 277 Ma, respectively [123].
The subduction of the Paleo-Tethys oceanic lithosphere separating the Qaidam-Qilian-Alxa
Block from the Qiangtang Block occurred during the Late Carboniferous-Triassic period
(300–220 Ma, [21,77,81,107,124–126]) (Figure 9D). These results indicate that magmatism oc-
curred widely in the South, Central and North Qilian Shan and Alxa block during this time.

5.2. Early Cretaceous Cooling

Although, Mesozoic detrital zircon U-Pb ages are rare in the Hei River sediments [90],
bedrock AFT and ZFT ages constrain rapid Early Cretaceous exhumation in the Qilian
Shan and surrounding regions, including the North Qilian Shan (140–123 Ma [2,85]), the
Longshou Shan (110 Ma [127]), the Hei Shan (135 Ma [25]), the Altun Shan (120 Ma [128]),
the Helan Shan (125 Ma [129]) or the southern part of Alxa block (145 Ma [122], Figure 10B).
This is further confirmed by the detrital ZFT age peak of 145 Ma obtained in this study as
well as detrital AFT data from the eastern part of the North Qilian Shan [20,130]. Vincent
and Allen [18] and Chen et al. [84] described Early Cretaceous conglomerates and coarse
sediments exposed in the Hexi Corridor and Jiuquan Basin, derived from renewed erosion
in the North Qilian Shan. Sandstone petrography and detrital zircon provenance analy-
sis in the Yumen basin further documented Early Cretaceous initiation of relief building
in the North Qilian Shan [86,131,132] (Figure 10). The Lhasa-Qiangtang collision along
the Bangong-Nujiang suture zone in Tibet [83,133] (Figure 9E) and possibly the final clo-
sure of the Mongol-Okhotsk Ocean [134–136] (Figure 3E) during the Early Cretaceous
(145–130 Ma), have been inferred to play a major role on the late Mesozoic tectonic exhuma-
tion in northern Tibet and the adjacent regions [82,85,122,123,137]. However, the regions of
strong exhumation were probably localized along major thrust fault, in a setting similar to
that of the present-day deformation. Indeed, once again the preservation of the Proterozoic
and Paleozoic ZFT ages as well as of the early to middle Mesozoic AFT ages [2,9,85], imply
that not all of the range was affected by exhumation. This seems to be a recurrent tectonic
pattern since at least the Paleozoic collision of the Qilian and Alxa blocks.



Geosciences 2022, 12, 166 13 of 20

5.3. Early Cenozoic Exhumation of the North Qilian Shan

Enclosed by the rigid backstops formed by the Tarim block to the west, the western Qin-
ling orogenic belt to the east, and the Alxa Block-North China Craton to the north, the Cenozoic
Qilian orogenic belt has been affected by intense contraction driven by the continuous subduc-
tion of the Indian plate beneath the Asian continent [1]. The Cenozoic deformation pattern
was at least partly controlled by the Paleozoic-Mesozoic inherited fabrics [2,9,22,24,30,31,47].

A growing set of data points toward an early Eocene onset of deformation and exhuma-
tion as a first likely response to far-field effects of the India-Asia collision [14,31,48,81,87,138]
(Figure 9F). In the Yumen and Jiuquan basins, late Lutetian to early Bartonian coarse clastic
sediments deposited in alluvial fan and braided river environments are separated from
the underlying Upper Cretaceous strata by an angular unconformity indicating tectonic
movement around or prior to 40 Ma ([48,87], Figure 10B). By that time, the Hexi Corridor
was mainly filled by clastic material derived from the erosion of the North Qilian Shan. To
the south, the thick conglomerate beds of the early Eocene Lulehe Formation are widely
found along the margins of the North Qaidam Basin [13,139]. Bedrock apatite FT ages from
the North Qilian Shan largely cluster at 52–47 Ma [22,138,140]. This is consistent with the
few ZFT data around 50 Ma observed in this study. Similar evidence of Eocene exhumation
has been reported from the South Qilian Shan [28,141], the Central Qilian Shan [137,142],
eastern Kunlun Shan [143,144], and western Qinling Shan [145].

Figure 10. (A) Temporal distribution plot of tectonic-related events recorded in the North Qilian Shan,
as constrained by zircon U-Pb, FT, and (U-Th)/He ages, apatite FT and U-Pb ages, and sedimentary
records. (B) The specific distribution of the study sites in the North Qilian Shan, data source: zircon
U-Pb ages, 1: [6]), 2: [36], 3: [90], 4: [107], 5: [7], 6: [32]; zircon FT ages, 1: This study, 2: [85]; zircon
(U-Th)/He age, 1: [123]; apatite FT ages: 1: [30], 2: [122], 3: [9], 4: [127], 5: [1], 6: [85], 7: [128], 8: [140],
9: [22], 10: [144]; apatite U-Pb ages, 1: [122]; Sedimentary records, 1: [7], 2: [107], 3: [123], 4: [18], 5: [82],
6: [131], 7: [132], 8: [86]; 9: [48], 10: [87].
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6. Conclusions

Our modern-river sand detrital zircon fission track data from the upper reaches of
Hei River along the North Qilian Shan, provides a better understanding of the tectono-
geomorphological evolution of the North Qilian Shan from the late Proterozoic to the
Cenozoic. Strong post-magmatic cooling events occurred in the North Qilian Shan during
the late Mesoproterozoic—early Neoproterozoic, corresponding to the assembly of the
Rodinia supercontinent. The detrital zircon fission track age population at 800 Ma docu-
ments the onset of oceanic spreading in the late Neoproterozoic and the initial dismantling
of Rodinia. ZFT ages ranging from about 750 Ma to 550 Ma (with peak ages at 723 Ma
and 588 Ma) are consistent with the timing of the opening and spreading of the Qilian
Ocean, while the early Palaeozoic ages (including the Cambrian peak at 523 Ma and the
Ordovician peak at 450 Ma) mark the progressive closure of that ocean ending with the
collision of the Qilian block with the Alxa block—North China craton in the Devonian. The
Qilian Ocean finally closed at Late Devonian (375 Ma). In the late Paleozoic (275 Ma), the
subduction of the Paleo-Tethys Ocean played a leading role in the magmatism of the North
Qilian Shan. During the Lower Cretaceous (145 Ma), the accretion of the Lhasa block to the
south (and potentially the closure of the Mongol-Okhotsk Ocean to the northeast) triggered
a renewed tectonic activity in the Qilian Shan. Finally, an early Eocene exhumation event
(50 Ma) suggests that the NE Tibetan Plateau started to deform nearly synchronously with
the onset of India-Asia collision. Finally, the preservation of the Proterozoic and early
Paleozoic ZFT ages in the range suggest that regional exhumation remained limited during
the Paleozoic, Mesozoic, and Cenozoic events. We infer that, similarly to the Cenozoic
setting, exhumation was localized along major compressive structures, preserving large
areas from erosion and exhumation. This further attests of the importance of inherited
structures in the evolution of intra-continental orogens.
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