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ABSTRACT: It is unclear what caused the Bangong Nujiang suture zone in the
central Tibetan plateau to rise from less than 2 km in early Cenozoic to more than
4 km at present. The zircon U−Pb ages and trace elements of samples from the
Niubao Formation in the Paleogene of the Nima basin were analyzed and tested.
Combined with the isostasy theory, the surface uplift height of the Nima Basin
during the Cenozoic period was calculated. The zircon U−Pb age results of the
Niubao formation are consistent with the ages of the Lhasa terrane on the south
side of the basin, the Qiangtang terrane on the north side, and the uplift in central.
The zircon Eu/Eu* results show that the crust in central part of Tibetan plateau
thickened by ∼20 km in Paleogene, resulting in ∼3 km surface uplift. Sediments
created a total of about 1 km of surface uplift throughout the Paleogene, and the
deposition rate began to slow down significantly at ∼40 Ma. Therefore, it is inferred
that in the early Cenozoic, the uplift of the valley was mainly caused by
sedimentation. With the continuous downward subduction of the Indian plate, at about 40 Ma, factors such as crustal shortening
dominated the uplift of the central valley, and the uplift caused by deposition only accounted for a very small part. In general, the
uplift of the Central Valley in the Paleogene was mainly affected by crustal shortening, but a quarter of the surface uplift was caused
by the accumulation of sediments.

1. INTRODUCTION
Tibetan plateau is the highest plateau in the world at present. Its
uplift directly affects the global climate, environment, and
biological evolution.1−3 It has always been a hot area of
geoscience research. However, the process of plateau uplift,
especially the uplift of the central plateau, is still controversial.
The Proto-Tibetan Plateaumodel suggests that the central Tibet
formed by the Lhasa terrane and the Qiangtang terrane uplifted
to the present height in the late Cretaceous and then gradually
expanded to both sides.4−6 However, some recent studies
suggest that the central Tibetan plateau may have been the
topography of a high undulating valley before the plateau
formed.7,8

Currently, Bangong Nujiang suture zone in central Tibet is
elevated to a height of over 4 km.9 The discovery of foraminiferal
fossils shows that the Eocene elevation of the Gaize basin in the
western part of Bangong Nujiang suture zone is equal to the sea
level.10 The response of the late Oligocene cyclic strata to the
monsoon in the Daze Co area of the Nima basin in the middle of
the suture also indicates that the area is still at a relatively low
altitude at 25Ma.11 The discovery of fish fossils and leaf fossils in
the Lunpola basin of the eastern part of the suture,12,13 as well as
the results of palynological studies in this area,14,15 all indicate
that prior to 25 Ma ago, the elevation of the Lunpola basin
remained relatively low. During the same period, significantly
higher than 4 km is the elevation of the Qiangtang terrane on the

northern side of the basin and the Lhasa terrane on the southern
side, resulting in a geomorphological pattern of two mountains
flanking a valley.7

However, currently, the central part of the plateau exhibits a
low-relief plateau landscape. The mechanism through which this
region evolved from a valley to its present geomorphology has
not been conclusively determined. The subduction of Indian
plate to Eurasian plate leads to the crustal thickening and
asthenosphere upwelling in the central part of Tibet, which may
jointly cause the demise of the central valley.7,16 Nevertheless,
some scholars believe that the internal flow basins formed in the
early Cenozoic are the key to the low undulating landforms.17

Nevertheless, there is no clear constraint on which factor is the
main factor of uplift, and there is no clear model to accurately
explain the uplift mode of the central plateau.
During the valley’s demise, a sequence of sedimentary basins

were created, namely, Lunpola, Nima, and Gaize basins,
arranged in an east−west direction.16 These basins record the
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paleoclimate, paleogeography, and tectonic setting of the
time.18−20 Nima basin is a good research object because of its
thick Paleogene deposits (Figure 1).21 Previous studies on this
basin have mostly focused on the sedimentary evolution process
of the basin itself with less research on the driving mechanisms
and geodynamic processes behind it.
This study conducted zircon U−Pb dating on Paleogene

sediments of the Nima Basin, inferring its potential provenance.
Combined with the theory of isostasy, the crustal thickness
change of the Nima basin during Paleogene was restored using
the method of zircon Eu/Eu*, and the surface uplift height
caused by the accumulation of Paleogene sediments was
calculated by an empirical formula. By comparing the results
of field investigations, the reconstruction of the tectonic
evolution during Paleogene can provide scientific evidence for
the demise of the central valley in Tibet Plateau.

2. GEOLOGICAL SETTING AND LITHOSTRATIGRAPHY
Nima basin is located in the middle part of the Bangong Nujiang
suture zone in the central part of Tibetan plateau, adjacent to
Lunpola basin to the east and Gaize basin to the west. It is
separated from the Lhasa terrane by the Gaize Siling Co fault to
the south and from the Qiangtang terrane by the Muggar thrust
fault to the north (Figure 1). Due to the multiple tectonic
activities of the Bangong Nujiang suture zone, the center uplift
split Nima basin into the southern depression and the northern
depression.21 The Paleogene sediments in the Nima Basin are
mainly Niubao formation and Dingqinghu formation. Niubao
formation is mainly composed of a set of mudstone, shale,

carbonate, and sandstone of shallow lacustrine facies. The strata
can be divided into three members, from bottom to top, the first
member, the second member, and the third member of Niubao
formation. The first member of the Niubao formation is a set of
purple−red sandstone, locally intercalated with gray−green and
purple−red mudstone, which contradicts with the underlying
strata of theMesozoic. The seismic data show that themaximum
thickness is 1300 m. The second member of the Niubao
formation is a set of gray black mudstone with shale deposits,
with oil shale and siltstone locally visible, with a sedimentary
thickness of up to 1000 m. The third member of Niubao
Formation is mainly composed of grayish−green mudstone and
siltstone, with a thickness greater than 1000 m. The Dingqinghu
formation is a set of purple−red and gray−green clastic rocks of
deep lake facies and fluvial facies, which are parallelly
unconformably overlain by the mudstone of the Niubao
formation, and partially intercalated with oil shale and marl.23

On the basis of clarifying the structural characteristics of the
Nima basin, the Chaangba section (31°49′39.32″ and
87°49′34.85″) was selected for research. The lower member
of the Chaangba section is the Niubao formation, which is
mainly composed of a purple−gray thick conglomerate and
purple reddish brown medium sandstone with brown−yellow
middle-thick sandstone or conglomerate. The upper member of
the section belongs to the Dingqinghu formation. From top to
bottom, it gradually transitions from gray shale with gray thin
dolomite to purple thick conglomerate with mudstone and
sandstone (Figure 2).

Figure 1. (a) Topography of the Tibetan plateau and neighboring regions illustrating the main tectonic boundaries, the extent of the Central Tibetan
valley (white shaded area), the location of the Nima basin (red dots), and other Cenozoic basins (blue dots). BG, Bangor basin; DQ, Dingqing basin;
GZ, Gerze basin; LP, Lunpola basin; NM, Nima basin; SH, Shuanghu basin; TYC; Tangra Yum Co basin; IYSZ, Indus-Yarlung suture zone; JSSZ,
Jinsha suture zone; BNST, Bangong-Nujiang suture zone. Adapted with permission from ref 7. Copyright 2022 Science. (b) Geological map of Nima
basin. Adapted with permission from ref 22. Copyright 2022 China University of Geosciences, Beijing.
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3. METHODS
3.1. Zircon U−Pb. The properties of zircon are very stable,

and the U−Pb age of zircon in sedimentary rocks records the
time of zircon crystallization. Due to its resistance to changes
brought about by weathering, transit, sedimentation, and
diagenesis within the basin, it is frequently utilized for sediment
source investigation.25 This analysis method is extremely
effective, especially for geological bodies with different
crystallization ages at the periphery of the basin.26,27

Sandstone samples k2j-2w7 (87°49′34″, 31°49′39″) and k2j-
2w2 (87°49′34″, 31°49′39″) were collected from the Chaangba
section in the southern depression for experiments.
The sample pretreatment was carried out in Langfang Yuheng

Mine Rock Technology Service Co., Ltd., and the target
preparation was completed in Xi’an Tuohang Geological
Technology Service Co., Ltd. First, the selected fresh samples
were crushed to 80−100 mesh, and then, the crushed rock
samples are sorted using electromagnetic separation and heavy
liquid elutriation methods. Zircon particles are picked out using
a binocular mirror. Zircon grains that are large and transparent
and have a good crystal structure under a binocular microscope
were carefully selected. Then, the zircon grains were neatly
adhered onto a double-sided adhesive. Finally, the epoxy resin
was poured. After being dried and curing, the target was polished
to highlight the zircon. The obtained CL images were examined
at Key Laboratory of Mineral resources in Western China
(Gansu Province) to examine zircon characteristic. The
American Agilent 7700x laser ablation inductively coupled
plasma mass spectrometer joint a 193 nm excimer laser ablation
system was used for the experiments. He is the carrier gas, the

erosion depth is 20 μm, and the laser beam spot diameter is 30
μM. For each analysis of five zircon points, an international
standard zircon 91500 is used as the external standard, and the
element content calculation is corrected using NIST SRM610.
The data was processed using GLITER (4.0) software.28 U−Pb
concordia diagrams for samples and Kernel density estimation
(KDE) plots were drawn by IsoplotR software.29 The
206Pb/238U ages were used for young zircons (<1000 Ma), and
the 207Pb/206Pb ages for earlier zircons (>1000Ma). The error of
individual test data and the error of 206Pb/238U age weighted
average are both 1σ. The analysis results are listed in Table 1.
3.2. Zircon Eu/Eu*. Garnet is usually enriched with heavy

rare earth elements, and Y and Yb are preferentially separated
into garnet under high-pressure conditions. The high Sr/Y and
La/Yb ratios of neutral calc-alkaline rocks indicate that garnet
appears as a residual phase in the source. Both the subducted
eclogitic oceanic crust and the thickened eclogitic lower crust
can produce intermediate magma with high La/Yb and Sr/Y
ratios. The La/Yb and Sr/Y ratios of the intermediate arcmagma
essentially reflect the mineral assemblage (garnet + plagioclase +
amphibole) of the source. The trace element ratios (such as La/
Yb and Sr/Y) of the samples can be used to indicate crustal
thickness.30 Although this method has been successfully
applied,31 its samples require extensive sampling in a large
area of the field, and the availability of the samples is relatively
limited. Zircon Eu/Eu* is positively correlated with La/Yb, and
it is relatively easy to obtain the data. Therefore, the thickness of
crustal uplift can be calculated by zircon Eu/Eu*.32 The
acquisition of zircon trace element data is the same as that of 3.1,

Figure 2. Stratigraphic column of the Chaangba section in the Nima Basin. Adapted with permission from ref 24.
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which is obtained at the same time as the zircon U−Pb
experiment.
3.3. Thickness of Sediments. For the internal flow basin,

there are two reasons for the surface uplift of the basin. One is
the shortening of the crust, and another is the accumulation of
sediments. When the basin’s basement is relatively rigid and
crustal shortening is limited, sedimentation may play a leading
role in the uplift of the passively constrained basin.33 By
observing the thickness of sediments in the basin, the height of
surface uplift caused by sediments can be calculated by isostasy
theory (Figure 3).34 The thickness data of the sediments used to
calculate the crustal thickness of the central Tibetan are from the
Ni 1 well and Zangshuangdi 1 well. Combined with the surface
outcrops with good exposure, the mean value is taken.

4. RESULTS
4.1. Zircon U−Pb Data. In terms of the morphological

characteristics of zircon, the ratio of length to width of some
zircon particles is larger, subangular, and columnar. Others have
a small ratio of length to width, semiself-shaped, and rounded,
indicating that they have been transported over long distances.
The zircon grains are 50−150 μm in size and show brown or rose
color under transmitted light. The CL image of zircon has
obvious rhythmic zoning (Figures 4 and 5), and the Th/U ratio
of zircon is mostly greater than 0.4, which can be identified as
magmatic crystallization zircon.35

Sample k2j-2w2 obtained 57 effective zircon U−Pb dating
spots (concordance degree of themeasured points is between 90
and 110%) (Figure 4 and Table 1), with ages ranging from 83 to
2246 Ma. These ages were mainly distributed into the following
ranges: 37.8−53.8 Ma, 75.7−99 Ma, 101−131 Ma, 184−269
Ma, 318−444 Ma, 638−956 Ma, 1580−1743 Ma, 2163 Ma,
2246Ma. After analyzing the 70 points of the sample k2j-2w7, 64
effective zircon U−Pb dating spots were obtained that met the
concordance degree (90−110%) (Figure 5 and Table 1). The
age values varied between 37 and 1728 Ma. It mainly includes
the following intervals: 37.7−58.9, 69.7−97, 100−119, 136−
179, 221−405, 525−925, 1545, and 1728 Ma.
4.2. Zircon Eu/Eu* Data. Crustal thickness can be

reconstructed using europium anomalies in zircon (Eu/Eu*,
which means chondrite normalized Eu/ Sm Gd× ).32,36 The
empirical formula for calculating crustal thickness from zircon
Eu/Eu* is as follows:H = (84.2 ± 9.2) × Eu/Eu*zircon + (24.5
± 3.3). Zircon data with Th/U < 0.1 and La > 1 ppm were
deleted,32,36 and five meaningful values obtained to calculate
crustal thickness. Based on Airy isostasy, the height of surface
uplift caused by crustal thickening can be calculated from the
formula.37 The findings indicate that the crustal thickness of
Nima basin increased by ∼20 km during the Paleogene and
caused a surface uplift of ∼3 km (Figure 6 and Table 2).
4.3. Uplift Caused by the Paleogene Sedimentation.

Based on the Airy isostasy theory, the condition of isostatic
compensation can be expressed as34

h h h h( ) d ( ) d
h

h

H

0 b m b
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Formula 2 can be derived from formula 1, which is the
calculation formula for the uplift amplitude (hb) caused by
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HB is the thickness of deposition. ρm is the density of the

mantle and adopted as 3.3 × 103 kg/m3. ρ0 is the grain density

and adopted as 2.7 × 103 kg/m3. ρs is the density of surface

sediments and adopted as 2.2 × 103 kg/m3. c is a constant and

adopted 4 × 10−4 m−1.

The deeper the sediment, the greater its compaction degree;
therefore, it is necessary to correct the sediment thickness (HP)
in the estimation of paleoelevation.

h h h h( ) d ( ) d
H

H H

H

0 b b

P

B M

B
=

(3)

Formula 4 can be derived from formula 3

Figure 3. Schematic diagram of surface uplift caused by the accumulation of sediments. Adapted with permission from ref 34. Copyright 2021
Pergamon-Elsevier Science Ltd.

Figure 4.U−Pb concordia diagrams (a) andKDE plots (b) for k2j-2w2. Cathodoluminescence images of representative zircon grains (c) from samples
of k2j-2w2. In each frame, the top number is the U−Pb age, and the bottom number is the point number of zircon.
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The corrected deposition thickness (HP) can be calculated by
formula 4.
According to the above formula, the surface uplift caused by

the sediment in Nima basin during Paleogene is calculated to be

Figure 5.U−Pb concordia diagrams (a) andKDE plots (b) for k2j-2w7. Cathodoluminescence images of representative zircon grains (c) from samples
of k2j-2w7. In each frame, the top number is the U−Pb age, and the below number is the point number of zircon.

Figure 6. Crustal thickness and paleoelevation evolution of the Nima basin reconstructed from the Cenozoic zircon Eu/Eu* (N = 5).

Table 2. Reconstructing Crustal Thickness Evolution from Europium Anomalies in Zircons

analysis
La

(ppm)
Sm
(ppm)

Eu
(ppm)

Gd
(ppm)

Th
(ppm) U (ppm) Th/U Eu/Eu*

crustal thickness
(km)

paleoelevation
(km)

k2j-2w2-22 0.0848 4.19 1.628 18.62 263.98 271.79 0.971264579 0.56325493 71.92606507 4.615758134
k2j-2w7-69 0.434 17.59 5.11 48.53 271.01 132.35 2.047676615 0.534478556 69.50309441 4.312886801
k2j-2w2-12 0.0412 5.25 1.754 20.61 893.23 578.91 1.542951409 0.515297923 67.88808512 4.11101064
k2j-2w2-21 0.1015 12.34 2.034 37.97 103.48 69.2 1.495375723 0.287157736 48.67868138 1.709835172
k2j-2w2-16 0.567 4.24 0.783 23.3 268.84 289.53 0.928539357 0.240740037 44.77031116 1.221288895
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∼1 km. At about 37 Ma, the deposition rate of the basin was
significantly slowed down (Figure 7 and Table 3).

5. DISCUSSION
5.1. ProvenanceAnalysis of theNimaBasin.The detrital

zircon ages of Paleogene sediments in the Nima basin exhibit
distinct stages. k2j-2w7 sample (37.7−58.9, 69.7−97 Ma) and
k2j-2w2 sample (37.8−53.8, 75.7−99 Ma) can correspond to
the ages of the Paleogene volcanic rock in Linzizong group (66−
50, 52−47, 53−42 Ma).41,42 The group is widely distributed in
the Lhasa terrane, and the comparable detrital zircon ages
suggest that the Lhasa terrane may be a provenance of the Nima
basin.
The peak age of detrital zircons in the study region is 110 Ma

in the range of 100−130Ma, which can correspond the Puzuoco
granite age (∼110 Ma) in the central uplift of Nima basin6 and
Daze granite (105−100 Ma) in the southern margin.43 This
indicates that the basin may have received provenance from
magmatic rocks within the suture zone. Jurassic−Cretaceous
magmatic activities in the Lhasa terrane are developed,
especially the multistage magmatic activities in the late
Cretaceous, which formed the granites with high Sr and low Y
similar to adakites.19,44−50 Themagmatic rocks developed in this

period may correspond to the ages of k2j-2w7 samples (69.7−
97, 100−119, and 136−179 Ma) and k2j-2w2 samples (75.7−
99, 101−131, and 184−269 Ma). This suggests that the
Jurassic−Cretaceous multistage magmatic activity of the Lhasa
terrane may provide provenance for the Nima basin. The widely
developed arc magmatism at 180−150 Ma in the southern
Qiangtang terrane51 resulted in the formation of basalts and
granite porphyry (∼110 Ma)52 in the Gaize area and the
Xiabiecuo granite (118Ma)6 in the northernmargin of theNima
Basin. These ages are consistent with the age of the k2j-2w7
sample (100−119 Ma) and the k2j-2w2 sample (101−131 Ma).
This indicates that the peak age of ∼110 Ma detrital zircons in
the Paleogene of the Nima basin can be compared with the peak
age of igneous rocks in potential provenance areas such as the
Qiangtang terrane and Lhasa terrane. These Early Cretaceous
igneous rocks may be the provenance of the Paleogene in the
Nima basin (Figure 8).
The peak value of detrital zircons in Qiangtang terrane and

Lhasa terrane is mostly concentrated in Precambrian.53−59

These peaks correspond to the ages of k2j-2w7 samples (525−
925, 1545, and 1728 Ma) and k2j-2w2 samples (638−956,
1580−1743, 2163, and 2246 Ma). It can be seen that the Nima
basin samples have age characteristics of detrital zircons from
the Lhasa terrane and the Qiangtang terrane.
Overall, the Lhasa terrane, the Qiangtang terrane, and the

central uplift of the basin are all potential source areas of the
Nima basin.
5.2. Denudation Process of Provenance in the Nima

Basin. The reactivation of the pre-existing structural zone in the
Bangong Nujiang suture zone formed the Nima basin.16 In the
early Cretaceous, the Nima basin was a single broad basin. Due
to the subduction of the Indian plate to the Eurasian plate, the
Nima basin was continuously squeezed in space. The Puxu Co
fault in the middle of the Nima basin began to be active at ∼110
Ma, and the central uplift zone of the basin gradually formed.
The early single broad basin was divided into three parts:
southern depression, northern depression, and central uplift,
and this landform has been maintained until modern times
(Figures 9 and 10). The age of detrital zircons shows that the
Lhasa terrane on the south side of the basin, the Qiangtang
terrane on the north side, and the central uplift in the middle
provide provenance for Cenozoic sediments. However,
according to the paleogeography and geomorphology of the
Nima basin, the provenance of the southern depression is mainly
from the Lhasa terrane and the central uplift, and the provenance
of the northern depression is mainly from the Qiangtang terrane
and the central uplift. Combined with the results of geo-
thermochronology, after the formation of a geomorphological
pattern of two depressions and uplifts in the Nima basin, the
internal drainage system gradually developed. The tectonic
activity of 70−30 Ma made the source areas such as the central
uplift zone continuously denuded17 and transported to the
bottom of the basin through the developed internal drainage
system and finally deposited huge thick red sediments.
5.3. Form of the Demise of the Central Valley. The

downward subduction of the Indian plate activated the pre-
existing structural zone of the Bangong Nujiang suture zone and
controlled the formation of the Cenozoic basin in the central
plateau. During the early Cenozoic, the tectonic belt in the
central plateau was constantly active and the internal water
system gradually formed. The provenance of the denudation
area was transported by the internal water system, and slow
lacustrine deposition began at the bottom of the basin. At this

Figure 7. Uplift curves caused by Cenozoic sedimentation.

Table 3. Uplift Magnitude Caused by Cenozoic
Sedimentation of the Lunpola Basina

periods
age
(Ma)

thickness
(m)

HM
(m)

HP
(m) hb (m)

beginning of Cenozoic >50 0 0 0 0
the first member of Niubao
formation

40 1300 1300 1440 428

the second member of
Niubao formation

37 930 2230 2380 665

the third member of Niubao
formation

29 710 2940 3060 824

Dingqing Lake formation 20 1100 4040 4040 1038
aAge, the age of each formation at the end of deposition;7 thickness,
the average thickness of each formation measured in different
areas;38−40 HM, the thickness of the strata studied in modern
observations; HP, after the calculation of formula 4, the corrected
formation thickness; hb, surface uplift induced by the accumulation of
sediments calculated from formula 2.
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time, the uplift of the central valley of the Tibet plateau is mainly
caused by the uplift caused by sediment accumulation.16,17,34

According to the theory of isostasy, the accumulation of
sediments in this basin caused a surface uplift of ∼0.7 km. With
the continuous extrusion of the Indian plate, the crust of the
central Tibetan started to shorten at ∼40 Ma, and the magma at
the bottom continued to rise, making the central valley gradually
uplift and the altitude higher and higher.62−68 It can be seen
from Eu/Eu* that the crustal thickness in the middle of the
Paleogene plateau increased by ∼20 km, which caused the
elevation of the central valley to rise by ∼3 km. Due to the
tectonic activity caused by the continuous thickening of the
crust, the endorheic basin was also destroyed, and the deposition

rate began to gradually slow down (Figure 7 and Table 3). The
sediment accumulation caused the surface to rise by∼0.3 km. In
general, the uplift of the Central valley in the Paleogene was
mainly affected by the shortening of the upper crust, but the
uplift caused by sedimentation also accounted for a large factor
(Figure 11).

6. CONCLUSIONS

(1) The Paleogene sediments in theNima basin are from both
the Lhasa terrane and the Qiangtang terrane. At the same
time, the central uplift in the middle of the basin also
provides a part of the source.

Figure 8.Tectonic map of southern and central Tibet. The black dots represent the region and time of magmatic activity in southern and central Tibet,
and the red boxes represent the location of the study region. Adapted with permission from ref 60. Copyright 2005 Geological Society of America.

Figure 9. Paleogeographic map of the Nima basin.
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Figure 10. Schematic of the Nima basin cross-sections. J. Jurassic mudstone, shale, siltstone, limestone, turbidite sandstone, metamorphic volcanic
rocks; J-K. Jurassic−Cretaceous shale, siltstone, turbidite sandstone, tectonic meĺange; K1‑2l. Lower Cretaceous Langshan formation limestone; Kvc.
Lower Cretaceous volcaniclastic rocks; Kv. Lower Cretaceous volcanic lava, tuff, and volcanic breccia; Kr. Cretaceous red layer; Kcv. Upper Cretaceous
volcaniclastic conglomerate; Kcl. Upper Cretaceous carbonate conglomerate; Kml. Upper Cretaceous−Paleocene; Nima basin; E1‑2n Paleogene
Niubao formation; Chaangba, this measured section. Adapted with permission from ref 61. Copyright 2017 China University of Geosciences, Wuhan.

Figure 11. Sketch of the tectonic evolution of the central valley of Tibet during the Paleogene. Adapted with permission from ref 69. Copyright 2022
Elsevier.
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(2) During the Paleogene, the Nima basin experienced a total
uplift of 4 km, with crustal thickening causing a 3 km uplift
and sediment accumulation causing a 1 km uplift.

(3) In the early Cenozoic, the uplift of the valley was mainly
caused by sedimentation. With the continuous downward
subduction of the Indian plate, the crustal shortening and
other factors dominated the uplift of the central valley at
∼40 Ma.
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