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Abstract

The uplift history of the Tibetan Plateau is a hot topic
for the geological study. The Lhasa terrane, situated on
the southern edge of Eurasian plate, records the tectonic
evolution of the Tibetan Plateau preceding the collision
between the Indian and Eurasian continental plates. This
paper employs low-temperature thermochronological
methods, including zircon and apatite (U-Th)/He
dating, as well as apatite fission track (AFT) analysis,
to investigate the Bange pluton in the northern Lhasa
terrane. The research results indicate that the zircon and
apatite helium (ZHe and AHe) ages from the plutons range
from 90 to 78 Ma and 83 to 63 Ma, respectively, while the
AFT ages span from 65 to 46 Ma. Thermal history reveals
that the Bange pluton experienced a rapid cooling phase
during the Late Cretaceous (from ~94 to 70 Ma), with a
cooling rate of ~4.2 °C/Ma, subsequently followed by a
slow cooling rate with ~1.1 °C/Ma. These results suggest
that the Bange pluton has underwent rapid uplift during
the Late Cretaceous to Paleocene. This Late Cretaceous
rapid cooling event is also observed in other regions of
the Lhasa terrane, indicating a widespread period of rapid
cooling and exhumation. Since the Cenozoic, the cooling
rate of the Bange pluton has significantly decreased,
which would suggest that the tectonic uplift of the central
Tibetan Plateau may not be related to the India-Asia
continental collision. Considering the regional tectonic
context, the collision between the Lhasa terrane and
the Qiangtang terrane during the Late Jurassic to Early
Cretaceous may have initiated the exhumation of the
Lhasa terrane in the Late Cretaceous.

Keywords: Bange pluton, low-temperature thermochronology,
Tibetan Plateau, uplift history

Introduction

The Tibetan Plateau orogenic belt, formed by the collision
and convergence of a series of the continents (such as the
collisions of Lhasa and Qiangtang terranes, Indian and
Eurasian plates), is one of the largest orogenic belts on the
Earth (Wu ez al., 2008; Hetzel, 2013; Ding et al., 2022). Its
tectonic and uplift history holds significant implications
for studying geodynamics and global climate change
(Shi et al., 1999; Wang et al., 2014; He et al., 2022). The
Lhasa terrane is situated within the interior of the Tibetan
Plateau orogenic belt, structurally positioned along the
southern margin of the Asian continent, documenting the
uplift evolution history of the plateau (Wang et al., 2014).
However, there remains controversy over whether early
uplift of the Tibetan Plateau existed prior to the India-
Eurasia collision (Pan ef al., 2006; Dai et al., 2013; Hu et
al., 2020; Qian et al., 2021).

Under the effects of the Lhasa-Qiangtang collision
and the subduction of the Neotethys plate, the Lhasa
terrane underwent significant deformation and crustal
shortening during the Late Jurassic-Cretaceous, thus
forming the initial tectonic uplift on the surface (Murphy
et al., 1997; Kapp et al., 2007; Zhang et al., 2014; Li et
al., 2015). The crustal shortening and thickening within
the plateau in the Late Cretaceous are also supported by
petrological and sedimentological evidence (Ding & Lai,
2003; Sun et al., 2015a, b; Lai et al., 2019). Other studies
have suggested that the Lhasa terrane collided with the
Qiangtang terrane and rose rapidly in the Cretaceous,
followed by a topographical reconfiguration caused by
the collapse of the orogenic belt in the Paleocene, forming
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the “Central Valley of the Plateau” (Ding et al., 2022).
The final uplift of the plateau to its current height would
occur after the Eocene-Oligocene (Hu ef al., 2020; Xiong
etal., 2022).

Low-temperature thermochronology is a valuable
method for detecting rock exhumation. Numerous
low-temperature thermochronological data have been
published for the Lhasa terrane (Fig. 1A). Rohrmann et
al., (2012) conducted low-temperature thermochronology
analyses within the plateau interior and suggested that
the rapid exhumation during the Late Cretaceous to
Middle Eocene period (85-45 Ma), yielded the initial
growth on the plateau. Subsequently, after 45 Ma, the
exhumation rate notably decelerated, indicating a low-
relief topography in central Tibet. In contrast, Hetzel et
al. (2011) proposed that the exhumation process from
the Late Cretaceous to Eocene was characterized by
peneplanation. Until approximately 50 Ma, the plateau
remained at an elevation close to the sea level. Low-
temperature data obtained from the Gaize area of the
western Bangong-Nujiang suture zone reveal a three-stage
cooling history: 120—100 Ma, 85-55 Ma, and 47-30 Ma
(Li et al., 2022; Tong et al., 2022). These cooling events
were influenced by the crustal deformation and shortening
resulting from the Lhasa-Qiangtang collision, northward
subduction of the Neo-Tethys oceanic crust, and the India-
Asia continental collision. Despite the substantial low-
temperature thermochronological dataset available from
the Tibetan Plateau, ongoing debates existed regarding
the interpretation of these findings, including differing
perspectives on the timing of the uplift on the plateau.

The Bange area is located in the northern part of
the Lhasa terrane and featured as the peneplain. It has
experienced crustal shortening caused by the collision
between the Lhasa and Qiangtang terranes (Hetzel et
al., 2011). The Bange region is dominated by low-relief
landscape, with basically no sediments after the Eocene
(Strobl et al., 2010), which is a proper object to study the
early uplift process of the plateau before the India-Asia
collision.

For this study, we investigated the Bange pluton
located in the northern part of the Lhasa terrane and
employed a combination of ZHe, AHe and AFT analysis,
to reconstruct the thermal evolution history of the pluton.
Through a comparative analysis of published data and
integration with regional geological information, the study
reveals that the uplift of the Lhasa terrane has occurred
since the Late Cretaceous, predated to the India-Asia
continental collision. The collision between the Lhasa
and Qiangtang terrane during the Late Jurassic and Early
Cretaceous would perform as a plausible contribution for
this tectonic uplift.

Geological setting

The Lhasa terrane is situated in the central region of the
Tibetan Plateau, spanning approximately 2000 km from
east to west. It is bordered by the Qiangtang terrane to the
north and the Himalaya terrane to the south. This terrane
lies between the Indus-Yarlung suture zone and the
Bangong-Nujiang suture zone, extending in an east-west
direction (Kapp & Decelles, 2019) (Fig. 1A). The Lhasa
terrane can be subdivided into three subterranes from
south to north: the South Lhasa subterrane; the Central
Lhasa subterrane; and the North Lhasa subterrane, which
are separated by the Luobadui-Milashan fault and the
Shiquanhe-Nam Co ophiolite mélange zone (Zhu et al.,
2013). The North Lhasa subterrane primarily comprises
Mesozoic volcaniclastic and sedimentary rock strata along
with corresponding intrusive rocks. The Precambrian
crystalline basement is exposed in the Anduo area (Zhu
et al., 2011). The Central Lhasa subterrane includes
Paleozoic-Mesozoic sedimentary rocks, volcanic rocks,
and associated intrusive rocks. In the Shenzha area, some
Paleozoic strata are exposed (Zhu et al., 2009). Some
studies have revealed that the Central Lhasa subterrane
contains significant Precambrian metamorphic basement
(Zhu et al., 2011), as well as Palaecogene granitic gneiss
exposed in the Nyenchenthanglha Group (Hu et al,
2005). The South Lhasa subterrane is characterized by
the Gangdese Batholith, which includes rock assemblages
from various periods, such as Cretaceous-Palacogene
intrusive plutons, Paleocene-Eocene Linzizong volcanic
rocks, and Jurassic-Cretaceous sedimentary strata (Zhu et
al., 2009).

The Bange pluton of this study is situated in the
North Lhasa subterrane, near the Shiquanhe-Nam Co
ophiolite mélange and the Central Lhasa subterrane to the
southwest (Fig. 1B). The Cenozoic volcanic-sedimentary
strata and Mesozoic igneous rocks are exposed, including
the Yongzhu, Danlin, Chaguoloma, Shilangmusi, Duoni,
Langshan, Jingzhushan, and Niubao formations. The
Yongzhu Formation consists of Carboniferous granites,
with the overlying Danlin and Chaguoloma formations.
The Cretaceous Duoni, Langshan and Jingzhushan
formations are well exposed, with the deltaic sandstone-
mudstone, Marine limestone to terrestrial conglomerates.
The Jingzhushan Formation lies angular unconformable
above the Langshan Formation (Lai ef al., 2019). Since the
deposition of the Late Cretaceous Jingzhushan Formation,
a~50 Ma depositional gap (from 90—40 Ma) has occurred
(Sun et al., 2024), with followed by the Eocene Niubao
Formation. The ~90 Ma magmatic rocks are widespread
among the northern Lhasa terrane. The Bange area is
extensively exposed by the Cretaceous to Palacogene
magmatic rocks, and Quaternary sediments. The samples
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FIGURE 1. Simplified geological map of Tibetan Plateau and study area. A, Structural map of the Tibetan Plateau and

compilation of the time of rapid uplift of the Lhasa terrane, showing the main tectonic zones of the Qinghai-Tibet Plateau,

modified from Zhang et al., (2022), mainly referring to published low-temperature thermochronological data. (Wang et al.,
2007; Hetzel et al., 2011; Dai et al., 2013, 2020; Haider et al., 2013; Wang & Wei, 2013; Li, G et al., 2015, 2018; Lu et al., 2015;
Staisch et al., 2016; Li, H. et al., 2019; Bi et al., 2020; Yang et al., 2020; Zhao et al., 2020; Qian et al., 2021). B, Geological
map of the Bange area, with sample locations marked in the figure.

of this study, collected in the Bange area, are all granites
and belong to the Cretaceous intrusive plutons.

Material and methods

Three granite samples were collected from the Bange
pluton (Fig. 1B). The detailed sample locations are listed
in Table 1.

The samples were processed using conventional
techniques, including crushing, screening, magnetic
separation, and heavy liquid separation to isolate zircon
and apatite. Individual zircon and apatite particles were
manually selected under a microscope based on size,
clarity, color, and degree of euhedral form. The
U-Th/He dating for this study was carried out at the
Scottish Environment University Research Centre, and
the apatite fission track testing was carried out at the Low
Temperature Thermochronology Laboratory, Department
of Earth Sciences, University of Glasgow, Scotland.

The apatite fission track (AFT)

The fission track analysis in this study was conducted
at the Low Temperature Thermochronology Laboratory,
Department of Earth Sciences, University of Glasgow,

Scotland. The samples underwent cleaning, crushing,
washing, drying, and magnetic separation. Apatite
crystals were then separated using tetrabromoethane
and diiodomethane. The sorted apatite crystals were
embedded in epoxy resin and cured at 70 °C for 24 hours.
The cured samples were grounded, polished, and etched
with 1% nitric acid at room temperature (25 °C) for about
20 seconds to ensure that the spontanecous tracks can
be fully displayed. After completion, the samples were
rinsed with clean water and fully soaked to fully remove
the nitric acid.

The fission track ages were determined using the
external detector method, with a Zeta value of 320 +
20 obtained in this laboratory. The etched samples were
securely attached to low-uranium muscovite sheets and
labeled to distinguish between spontaneous and induced
tracks. The samples, along with standard uranium glass
IRMM and age standards Durango and Fish Canyon Tuff,
were conducted for irradiation. Then, the samples were
etched with hydrofluoric acid at room temperature (25 °C)
for about 1 hour to fully reveal the induced tracks. Finally,
the apatite particles and muscovite sheets were mounted
on a glass plate in a mirror-image configuration, and the
density and length of the spontaneous and induced tracks
were measured using a high-power microscope.

Zircon U-Pb dating
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The zircons in the samples were crushed, magnetically
screened and separated by heavy liquid, and then
observed under a binocular microscope to select zircon
particles with good automorphism, that is, no inclusions
and obvious cracks. The selected zircon grains were then
polished with epoxy resin to expose the crystal centers.
Zircon U-Pb isotope analysis was conducted at the State
Key Laboratory of Mineral Deposits Research, Nanjing
University, using laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS). Elemental
and isotopic ion signal intensities were measured with
an Agilent 213a ICP-MS. Before analysis, the ablated
material was transported by helium carrier gas through a
PVC tube with a 30 mm inner diameter and embedded in
a 30 cm?® capacity cube. The analysis was repeated using a
laser beam with a diameter of 30 um and a frequency of 5
Hz, each time lasting about 100 seconds, and the raw count
rates of 2°°Pb, 207Pb, 2°8Pb, 2*’Th and >**U were collected
for age determination. Mass spectrometer calibration and
correction for elemental fractionation were performed
using homogeneous zircon standards, as detailed by
Jackson et al. (2004). The raw U-Pb isotope data from
ICP-MS were exported in ASCII format and processed
using GLITTER4.4 software. For zircons younger than
1000 Ma, 2°Pb/*8U ages were used; for zircons older than
1000 Ma, 2°’Pb/**Pb ages were used.

Zircon (U-Th)/He (ZHe)

Zircon grains with good euhedral form, no inclusions or
obvious cracks, and appropriate size and roundness were
selected from the pre-sorted zircon particles. The zircon
crystals were chosen to be smaller than 70 um in diameter
to prevent incomplete dissolution of overly large particles
and to avoid the excessive correction factors associated
with very small particles, which can affect experimental
results. The selected zircon crystals were examined
under a binocular microscope to measure their length,
width, and height. Based on the distance of a-particle
migration within the zircon particles and U-Th analysis,
the Th/U ratio was determined, providing the a-particle
correction parameter Ft (Reiners, 2005). The extraction
and analysis of *He were performed using a quadrupole
mass spectrometer, with each step repeated at least twice
to ensure complete extraction and analysis. Subsequently,
a purification process lasting approximately 2 minutes

TABLE 1. Apatite fission track data of Bange pluton.

was conducted using the mass spectrometer to thoroughly
purify the “He. The purified “He was then mixed with a
known quantity of *He to calculate the *He content.

Apatite (U-Th)/He (AHe)

Among the selected apatite particles, those with good
euhedral form, no inclusions, and no obvious cracks, and
a suitable size (preferably 50—70 pum to retain as much
“He as possible) were chosen under orthogonal conditions
using a microscope. The selected apatite particles were
then placed in a glass container. For each sample, 3-5
apatite particles that met these criteria were chosen as test
samples. These samples were observed and photographed
under a microscope, and their length, width, and height
were measured.

The apatite crystals were placed in metal foil
containers and kept in a closed environment that allowed
unobstructed gas exchange. A laser beam was used to
heat the metal foil containers to approximately 1000 °C
for about 120 seconds to fully extract “He. The extracted
“He was then fully mixed with *He at a concentration of
not less than 0.1 pmol in a low-temperature environment.
Activated carbon was used to purify the mixed “He and
SHe to the greatest extent. The ratio of “He/*He was
determined using a quadrupole mass spectrometer, and the
concentration of “He was calculated based on this ratio.
The apatite crystals with the tested “He/*He ratio were
added to a concentrated nitric acid solution containing
calibrated Z°Th and ***U. The solution was shaken using
an ultrasonic instrument to ensure that the apatite particles
were fully dissolved. Finally, the resulting solution was
placed in an ICP-MS to measure the ratios of 28U/?3U
and »*Th/?*Th. The (U-Th)/He age was calculated using
this data.

Results

Apatite fission track

Three samples collected in this study were analyzed using
apatite fission track methods, with detailed data presented
in Table 1. The fission track ages were determined as
follows: sample BG-A is 64.9 + 4.4 Ma, sample BG-B is
56.0 = 3.8 Ma, and sample BG-C is 45.7 £ 3.3 Ma. The

Sample GPS Grains p/x10°cm?(Ns) p/x10°cm?(Ni) p/x10°cm?(Nd) P(32) Age(Ma) Length (um)/numbles
BG-A  31°2839.2"N  89°49'43.4"E 20 13.9 (2296) 32.3(5334) 9.47 (5796) 0.16 64.9+4.4 14.0+1.1/51
BG-B 31°28'39.2"N  89°49'43.4"E 20 11.5 (1969) 29.0 (4973) 8.89 (5441) 0.025  56.0+3.8 13.9+1.0/50
BG-C 31°29'10.7"N  89°55'45.0"E 20 8.02 (1095) 26.2 (3570) 9.34 (5717) 0.0012 45.743.3 13.5+1.4/50

Note: p—spontaneous track density; p—induced track density; p,—standard glass track density; Zeta = 320 + 20; Length—average track length
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average fission track length for these samples ranges from
135+ 1.4 pmto 14.0+ 1.1 pm.

Zircon U-Pb age

Given the proximity of the sampling locations and
plutons, the samples of BG-A and BG-B show similar
zircon U-Pb ages. The results are provided in Tables 2
and 3. According to the zircon U-Pb age concordance
diagram and weighted average age diagram (Fig. 2), the
weighted average age of sample BG-B is 134.6 £ 2.5 Ma,
and that of sample BG-C is 136.6 £+ 1.6 Ma. These results
indicate that the samples were crystallized in the Early
Cretaceous.

Zircon (U-Th)/He

Five zircon grains from sample BG-A, and three zircon
grains from samples BG-B and BG-C, respectively, were
analyzed for ZHe. The results are listed in Table 4. The
uncorrected single zircon (U-Th)/He ages range from
44.9 to 66.2 Ma. After a-particle correction (Farley et al.,
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1996), the weighted average ages for the single zircon
grains are 84.6 Ma (BG-A), 78.1 Ma (BG-B), and 90.0
Ma (BG-C).

Apatite (U-Th)/He

Four apatite grains from sample BG-A, three grains from
sample BG-B, and two grains from sample BG-C were
analyzed for AHe. The apatite (U-Th)/He ages and Th/U
ratios are listed in Table 5. The uncorrected single-grain
apatite (U-Th)/He ages range from 40.6 to 95.9 Ma. After
a-particle correction (Farley et al., 1996), the weighted
average ages for the single apatite grains are 63.0 Ma
(BG-A), 77.4 Ma (BG-B), and 82.8 Ma (BG-C).

Thermal history modelling: Modelling strategy

The thermal history modelling of a single sample was
performed using the HeFty software (Ketcham, 2005)
using the ZHe, AHe, and AFT age data of a single
sample. The geological conditions used for thermal
history simulation in this study are as follows: 1) the
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FIGURE 2. Samples of BG-B and BG-C zircon U-Pb age concordance diagrams (A, C) and weighted mean ages (B, D).
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TABLE 4. Zircon (U-Th)/He analytical results of the Bange pluton in the Lhasa terrane.

Sample code  “He + 2Th + B8y + Th/U Ehection correction Raw age  Ft-corrected age +lo
(ng) (%) (ng) (%) (ng) (%) (%) (Ma) (Ma) (Ma)
BG-A
GO1 13.359  0.196 0.54 0.007 1.529 0.02 0.35 0.71 66.2 92.8 0.9
G02 10.274  0.151 0.369 0.005 1.294 0.017 0.29 0.7 61.1 87.5 0.9
G03 7.698 0.113 0.281 0.004 1.014 0.014 0.28 0.68 58.7 86.9 1
G04 15703  0.241 0.429 0.006 2.486 0.031 0.17 0.66 49.9 75.2 0.8
G05 17.163 0257 0.565 0.008 2.584 0.032 0.22 0.65 51.9 80.4 0.9
Weighted mean age (Ma) 84.6 0.9
BG-B
GOl 20.548  0.311 0.506 0.007 3.123 0.039 0.16 0.7 52 74.5 0.8
G02 4.501 0.07 0.209 0.003 0.657 0.008 0.32 0.58 52.9 91.3 1
G03 5.261 0.081 0.553 0.008 0.839 0.011 0.66 0.66 44.9 68.5 0.7
Weighted mean age (Ma) 78.1 0.84
BG-C
GO01 15.028  0.232 0.355 0.005 1.931 0.024 0.18 0.66 61.3 92.5 1
G02 23.51 0.346 0.386 0.005 2.871 0.043 0.13 0.71 65 91.5 1.2
G03 29.11 0.428 0.421 0.006 3.838 0.057 0.11 0.7 60.6 86.1 1.2
Weighted mean age (Ma) 90 1.13
FCT16-11 6.281 0.097 2.182 0.030 2.257 0.028 0.970 0.750 18.700 24.8 0.2
FCT16-12 5.072 0.078 1.434 0.020 1.999 0.025 0.720 0.720 17.900 24.7 0.2
FCT16-15 14.552 0221 3.422 0.047 5.891 0.074 0.580 0.700 17.900 254 0.2

TABLE 5. Apatite (U-Th)/He analytical results of the Bange pluton in the Lhasa terrane.

‘He + B2Th + B8y + Ehection correction Raw age Ft-corrected age +lo
Sample code Th/U
(ng) (%) (ng) (%) (ng) (%) (%) (Ma) (Ma) (Ma)
BG-A
GO01 0.925 0.141 0.024 0.000 0.127 0.013 0.19 0.76 57.1 74.9 6.6
G02 0.308 0.050  0.012 0.000 0.075 0.027 0.15 0.69 32.6 473 15.7
G03 0.503 0.086  0.018 0.000 0.140 0.024 0.13 0.71 28.7 40.6 6.3
Weighed mean age (Ma) 63.0 9.2
BG-B
GO1 1.555 0.021 0.254 0.003 0.198 0.003 1.28 0.74 49.5 66.5 0.7
G02 1.071 0.015  0.037 0.001 0.141 0.007 0.27 0.67 58.8 88.2 3.5
G03 1.520 0.021 0.021 0.000 0.169 0.015 0.12 0.75 71.7 95.9 7.6
Weighed mean age (Ma) 77.4 43
BG-C
GOl 1.613 0.022  0.026 0.000 0.197 0.015 0.13 0.77 65.0 84.8 5.8
G02 0.681 0.009  0.020 0.000 0.098 0.013 0.20 0.67 54.4 80.7 9.5
Weighed mean age (Ma) 82.8 7.6
DURI 7.891 2.061 6.741 0.079 0.286 0.004 23.530 1.000 34.600 34.6 0.4
DUR2 8.493 2304  7.070 0.082 0.085 0.001 83.430 1.000 39.800 39.8 0.5
DUR3 8.397 2.361 7.412 0.087 0.286 0.003 25.950 1.000 33.900 33.9 0.4
DUR4 5.717 1.664  5.054 0.059 0.209 0.003 24.140 1.000 33.500 335 0.4
DURS5 8.359 2.517  7.740 0.091 0.274 0.004 28.220 1.000 32.700 32.7 0.4
322 + Mesozoic 001 (3) © 2024 Magnolia Press LIETAL.



current surface temperature is 10 = 10 °C; 2) the initial
time-temperature is limited to 220~170 °C initial time-
temperature range of the cooling path is limited to
230~120 °C ZHe and AFT ages and 80~40 °C AHe ages.
These pre-modelling settings have great uncertainty,
which enables the modelling to search for a wide range
of data-constrained thermal history as much as possible
(Sun et al., 2024).

Results of thermal history modelling

This study performed thermal history simulations on the
ZHe, AHe, and AFT data obtained from three samples
(BG-A, BG-B, and BG-C) (Fig. 3). The results indicate
that sample BG-A cooled most rapidly between 94-72
Ma, at a rate of 2.36 °C/Ma; then, from 72-56 Ma, the
cooling rate decreased to 0.22 °C/Ma; after 56 Ma, the
cooling rate increased to 1.52 °C/Ma. Samples BG-B
and BG-C exhibited similar cooling patterns to BG-A,
with the fastest cooling occurring between 94-80 Ma
at a rate of ~6.6 °C/Ma. Subsequently, the cooling rate
gradually slowed to ~1.0 °C/Ma. Collectively, the thermal
modelling shows that the Bange pluton underwent a rapid
cooling (in average of ~4.2 °C/Ma) process in the Late
Cretaceous, with a significant decrease in the cooling rate
(~1.1 °C/Ma of average) in the Paleocene.

Discussion

The Late Cretaceous cooling history of the Bange pluton
and tectonic uplift on the northern Lhasa

The obtained low-temperature thermochronologic data
show that the zircon and apatite (U-Th)/He ages, and
apatite fission track ages of the samples from the Bange
plutons are concentrated between 94 and 65 Ma. Based on
the results of thermal history modelling, the three samples
of the Bange pluton exhibit similar thermal histories in the
Late Cretaceous period, experiencing rapid cooling during
94-70 Ma (Fig. 4). The former thermochronological
thermal history modelling for the Bange plutons yielded
that the rapid cooling occurred in the late Cretaceous
to early Eocene (70-55 Ma) and followed by the slow
cooling rate (Hetzel et al., 2011; Haider et al., 2013). In
comparison, the rapid cooling time obtained in this study
is a bit older, showing the age of ~94—70 Ma. The reason
for this rapid cooling should be in further discussion. The
Bange pluton, located in the Bangong-Nujiang suture
zone, is closely linked to the closure of the Bangong-
Nuyjiang Ocean and the collision and amalgamation of the
Lhasa-Qiangtang terrane (Royden et al., 2008; Rohrmann
et al., 2012). The magmatic gap in the Late Jurassic-early
Early Cretaceous and the sedimentary records of the
Shamuluo Formation marked the end of the subduction of

the Bangong-Nujiang Ocean, and the subsequent collision
between the Lhasa and Qiangtang terranes (Hu et al., 2022).
The sedimentary environment and provenance of Lower-
Middle Cretaceous sequences (i.e., the Duoni Formation)
in the Bange area, suggest that the Bangong-Nujiang
suture zone have been closed before the Early Cretaceous
(~114 Ma), in response to the collision of the Lhasa and
Qiangtang terranes (Zhu et al., 2020). Such sedimentary
record is also observed in the west part of the Bangong-
Nujiang belt (Kapp et al., 2007). Tectonic restoration
shows that the Lhasa terrane was significantly affected by
the closure of the Bangong-Nujiang Ocean, with ~50% of
the crustal shortening and thickening occurring between
100 and 50 Ma (Murphy et al., 1997; Kapp et al., 2005,
2007; Li et al., 2015). Therefore, thermochronological
data from the Bange area indicate rapid cooling in the Late
Cretaceous, with a cooling rate of about 4.2 °C/Ma, which
significantly slowed to about 1.1 °C/Ma since 65 Ma. This
rapid cooling event may be related to the regional crustal
shortening and thickening caused by the collision of the
Lhasa and Qiangtang terranes.

Extensive thermochronological the
Bangong-Nujiang suture zone (e.g., Coqin, Gaize, Nima)
show ZHe ages of ~110-67 Ma, AFT ages of ~61-45 Ma,
and AHe ages of ~63—40 Ma (Sun et al., 2024). Sun et al.
(2024) conducted low-temperature thermochronological
research on rock samples from the Coqin Basin, concluding
that the Coqin Basin in northern Lhasa rapidly cooled
and uplifted at ~80—40 Ma. Li et al. (2022) identified
the multi-stage cooling process of the Gaize Basin using
methods such as (U-Th)/He and fission track of detrital
zircon and apatite, showing a rapid cooling history in the
Late Cretaceous-Paleocene period similar to this study.
The Nima and Lunpola basins experienced uplift and the
establishment of endorheic drainage systems in the Late
Cretaceous to Early Oligocene (Han et al., 2019; Xue et
al., 2022). The southern part of the Qiangtang Terrane
has multi-stage cooling history, with ZHe ages between
~150-80 Ma, AFT ages between ~95-44 Ma, and AHe
ages between ~85-40 Ma (Zhao et al., 2017; Yang et
al., 2019; Qian et al., 2021; Xue et al., 2022). Based on
the regional published data and this study, rapid cooling
occurred synchronously in the whole northern Lhasa area
of the central Tibetan Plateau during the Late Cretaceous-
Paleocene (94—65 Ma). Comprehensive regional low-
temperature thermochronological data and thermal history
show that the central Tibetan Plateau (northern Lhasa
terrane, Bangong-Nujiang suture zone, and southern
Qiangtang terrane) experienced rapid cooling between
94 and 65 Ma, with the cooling rate slowing significantly
between ~65 and 40 Ma (Hetzel et al., 2011; Rohrmann
etal.,2012; Haider et al., 2013; Li et al., 2022; Sun et al.,
2024) (Fig. 3). This synchronous uplift process indicates a
relatively consistent uplift period in the Late Cretaceous.

data from
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Significant magmatic activity in the Bangong-Nujiang
suture zone and adjacent areas developed between ~130—
90 Ma, with post-collision residual marine sediments
widely present (Zhang et al., 2012, 2014; Sun, 2015; Lai
et al., 2019). The activity of potassium-rich magma and
adakitic or high-magnesium magma from 90 to 75 Ma
indicates substantial crustal thickening and delamination
in the Late Cretaceous (Li et al., 2013; Wang et al., 2014;
Sun et al., 2015a). These magmatic records document the
crustal thickening under the Bangong-Nujiang suture zone
during the Late Cretaceous. Structural deformation studies
found that fold-thrust deformation and crustal shortening
and thickening in the central Tibet Plateau during the Late
Cretaceous were primarily north-south, including the
Coqin fold-thrust belt (>50 Ma), Gaize-Selin Co thrust
belt (99-23 Ma), and Shiquanhe-Gaize-Anduo thrust
belt (116-23 Ma) from south to north (Li et al., 2015).

Most of these thrust belts developed before the India-
Asia continent collision (~60-50 Ma) (Li et al., 2015).
Based on the tectonic background and research in central
Tibet, sinificant shortening and thickening of the Lhasa
terrane crust before the India-Asia collision are attributed
to the collision between the Lhasa and Qiangtang terranes
(Hinsbergen et al., 2011).

The Late Cretaceous tectonic uplift is also reflected
in the sedimentary record. In the North Lhasa terrane,
after the deposition of marine Langshan Formation
limestone in the Late Cretaceous (~90 Ma) (Sun et al.,
2017; Xu et al., 2022), two sets of continental molasse
deposits were rapidly uplifted and developed: the Daxiong
Formation alluvial fan conglomerates in the south; and
the Jingzhushan Formation in the north (Kapp et al.,
2007; Sun et al., 2015a; Lai et al., 2019). The region
experienced a sedimentary hiatus until ~60-50 Ma when
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continental fluvial-lake deposits developed again. This
marine-continental sedimentary transition at ~90 Ma and
the subsequent ~30—40 Ma depositional hiatus are likely
controlled by regional tectonic uplift, as indicated by the
rapid cooling history of the Late Cretaceous observed in
this study. This transition from a marine to continental
environment, followed by rapid uplift and erosion has
occurred all over the Northern Lhasa subterrane (Sun et
al., 2015a; Lai et al., 2019). Combined with the above
geological background, we suggest that the synchronous
cooling process in the central Tibet Plateau in the Late
Cretaceous was probably driven by the collision of the
Lhasa-Qiangtang terrane and subsequent large-scale
crustal shortening and thickening. This process resulted
in crustal thickening through thrust faults, leading to
significant tectonic uplift (Fig. 4) (Sun et al., 2015a; Lai
etal., 2019).

Implications for the geomorphologic evolution of the
central Tibetan Plateau

The present-day topography of the central Tibetan Plateau
is characterized by high altitude (approximately 5000
meters on average) and low-relief landscape (Han et al.,
2019). Such low-relief topography generally exhibits low
denudation rates (Lal et al., 2004; Sun et al., 2024). The
rapid uplift of the Lhasa terrane in the Late Cretaceous
inevitably accompanied denudation processes. During the
Late Cretaceous (approximately 88—83 Ma), the sources
of turbidites in the Xigaze forearc basin were primarily
from the Gangdese arc and the Northern Lhasa terrane
(An et al., 2014). Based on the sediment source transport
characteristics and the rapid cooling history of the Lhasa
terrane during the Late Cretaceous, it is suggested that
the Tibetan Plateau may have featured high-elevation
and high-relief geomorphology before the India-Asia
continental collision. Compared to the Late Cretaceous
cooling rate, the lower cooling rate after 65 Ma (~1.1 °C/
Ma) may be associated with the gradual smoothening of
the Lhasa terrane topography.

At approximately 90 Ma, the terrestrial Daxiong
Formation and Jingzhushan Formation molasses sediment
source in the northern Lhasa terrane was primarily derived
from the uplifted northern Lhasa terrane denudation (Sun
et al., 2015a). Subsequently, the Lhasa terrane entered
a sedimentary hiatus (Sun et al., 2024), indicating that
the northern Lhasa terrane acted as a sediment source
area, transporting sediment externally. This suggests
the development of a large-scale external sediment
transport channel in the Lhasa terrane at that time.
Current research from the Lunpola Basin in the central
Tibetan Plateau reveal the existence of a “central valley”
with low elevation in the Bangong-Nujiang suture zone
around 50—40 Ma (Fang et al., 2020; Xiong et al., 2022).
This central valley may have been formed by the Late

Cretaceous orogenic collapse and the early uplift of the
Eocene Qiangtang terrane and the southern Lhasa terrane
(Hu et al., 2020). Consequently, it is plausible that a Late
Cretaceous-Paleocene external sedimentary transport
system developed in the central valley. Although there
is no definitive study on the restoration of this external
palaeohydrological system. Geological evidence from the
Lhasa terrane suggests that during the Late Cretaceous,
detrital materials in the northern Lhasa terrane were
transported southward via the Palaco-Lhasa River and
ultimately deposited into the Trench Basin (Orme et al.,
2015; Laskowski et al., 2019).

In the study of river system evolution and
provenance since the Eocene-Oligocene, no sediment
information from the central Qiangtang uplift, the Anduo
microterrane, etc. was found, which may suggest that the
river network in central Tibet no longer drained water
in the Eocene. (Metcalf & Kapp 2017; Han et al., 2019;
Xue et al., 2022). Miocene lakes in the Lunpola and
Nima basins in central Tibet transitioned to a hypersaline
state (Wang et al., 2011a, b). This, combined with the
paleocurrent direction, suggests that central Tibet has
been hydrologically closed since the Eocene (Han ef al.,
2019; Xue et al., 2022). The development of an internal
flow system is crucial for forming low-relief topography
through sediment redistribution (Liu et a/., 2008). Coupled
with the low cooling rate since the Eocene, this indicates
that low-relief topography and endorheic systems have
developed in central Tibet since at least the Eocene.

Conclusion

According to =zircon U-Pb and low-temperature
thermochronology data from samples obtained in the
Bange area, the thermal history model indicates that
the Bange area experienced a rapid cooling stage in the
Late Cretaceous (94-70 Ma). Based on regional data
comparison and geological background, it is believed that
the collision between the Lhasa terrane and the Qiangtang
terrane caused the uplift of the Lhasa terrane in the Late
Cretaceous. Coupled with provenance analysis and the
lower cooling rate since the Eocene, this suggests that
low-relief terrain has been developed in central Tibet
since at least the Eocene.
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