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ABSTRACT: A series of terrestrial sedimentary basins along the Bangong-Nujiang
Suture Zone (BNSZ) record a wealth of information regarding the uplift and
geomorphological evolution of the central Tibetan Plateau. The uplift, exhumation, and
sedimentation processes in these basins and the surrounding orogenic belts are of
significant scientific importance for understanding the tectonic evolution of the central
Tibetan Plateau. Taking the Gaize Basin as the research focus, low-temperature
thermochronology and thermal history modeling were conducted on sandstone
samples to analyze their exhumation history and driving mechanisms during the Late
Cretaceous to Paleogene. Based on stratigraphy and the youngest detrital zircon ages,
the samples were collected from the Upper Jurassic to Lower Cretaceous Shamuluo
Formation; thermal history modeling using apatite and zircon (U-Th)/He (AHe/
ZHe) results reveals two significant exhumation events: 87—70 and 56—26 Ma. The
rapid cooling—exhumation event during the Late Cretaceous is associated with crustal
shortening and thickening caused by the collision of the Lhasa-Qiangtang terrane; the Paleogene exhumation event is linked to
tectonic uplift driven by the India-Asia collision and the continued northward subduction of the Indian continent. Continuous
thrusting and uplift on both sides of the basin strengthened river cutting and erosion and gradually converted the external drainage
system to an internal drainage system, and the high-relief terrain was progressively leveled and filled. The height of the surface uplift
brought on by sediment accumulation was approximately 0.4 km. After Oligocene, high-altitude, low-relief terrain had already been
established.

1. INTRODUCTION Tibetan Plateau, along the BNSZ, may have already developed
a high-altitude, low-relief topography.””'"***> Based on
paleoelevation estimates derived from plant fossils,”” magneto-
stratigraphy,10 isotopic dating, and cluster isotope studies,”® a

The central Tibetan Plateau not only functions as a natural
laboratory for probing into the plateau uplift but also presents
itself as an outstanding venue for examining the coupling

among various geospheres within the Earth’s science system. low-elevation “Central Tibetan Valley” was found to have
Furthermore, the majority of the Tibetan Plateau is existed along the BNSZ in the early Cenozoic, which was an
distinguished by its low-relief topography and high-altitude east—west trending lowland paleo-valley separated the
characteristics.'~” The BNSZ spans across the central Tibetan Gangdese Mountains in the south from the Tanggula
Plateau, featuring multiple Cenozoic sedimentary basins, such Mountains in the north and gradually uplifted and disappeared
as the Lunpola, Nima, and Gaize basins (Figure 1),8_12 which between 38 and 29 Ma.®!%** Delineating the exhumation
are oriented W-E and share similar characteristics. These history of the Gaize Basin and analyzing the evolutionary
basins are key areas for studying the tectonic uplift and process of the paleotopography constitute the focal points in
paleotopographic changes in the central Tibetan Plateau. The the study of the formation and evolution of the plateau’s
sedimentary basins in the middle and eastern parts og' lg}}i topography and geomorphology.'®!#2*

BNSZ have amassed a wealth of research achievements.
This study will focus on the Gaize Basin in the western part of
the suture zone,">™'7 with an in-depth investigation into its
exhumation history and the evolution of its paleotopography.
Paleoelevation studies indicate that as early as the Eocene, the
altitudes of central Qiangtang, the Tanggula Mountains, and
the central Lhasa terrane were all >4 km,*'®'? the terrain of
hinterland basins has low relief, and the lowlands within the
BNSZ were <2.5 km in elevation prior to the Oligocene-
Miocene.'%*%*! Therefore, prior to the Miocene, the central

Hu et al.'"” quantitatively traced the paleoelevation changes
of the Tibetan Plateau since the Cretaceous by investigating
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Figure 1. Sedimentary basin complexes within the Bangong-Nujiang Suture Zone (modified from refs 26,27). LPL: Lunpola Basin; BG: Bange
Basin; NM: Nima Basin; ZC: Zhongcang Basin; GZ: Gaize Basin; DC: Dongco Basin; AWC: Awongco Basin.

whole-rock Sr/Y and La/Yb ratios. The research findings
suggest that there exist regional differences and a multistage
uplift process in the uplift of the Tibetan Plateau. Similarly,
Tang et al.”® proposed a novel crustal thickness proxy index
based on the Eu anomaly in zircon and reconstructed the
evolution of the crustal thickness in Tibet. However,
Yakymchuk et al.>” and Hu et al.*® indicated that the zircon
REE systematic is more complex than previously thought.
Low-temperature thermochronology, such as AHe and ZHe, is
commonly employed to investigate the cooling and exhuma-
tion histories of rock masses. It serves to distinguish the
cooling stages of thermal modeling evolution and analyze the
exhumation history and long-term evolutionary process of the
Gaize Basin during the Late Cretaceous to Paleogene.
Constraining the stratigraphic age often relies on the weighted
average age of the youngest detrital zircons in zircon U—Pb,
which is generally regarded as reliable evidence. The isostatic
model of sedimentary accumulation can typically utilize data
such as field measurements and seismic profiles to estimate the
contribution of sedimentary filling to crustal thickening,
specifically the cumulative uplift resulting from the sedimen-
tary isostatic effect.’’ Consequently, we rebuilt the exhumation
history of the research area dating back to the Late Cretaceous-
Paleogene period and associated the exhumation phases with
topographic fluctuations. This provides an effective method for
determining the differences in the uplift and growth patterns of
the Tibetan Plateau.

The Gaize Basin, located within the BNSZ, is controlled by
faults and contains thick sedimentary layers. Based on the
current research in this region, a model of its Late Cretaceous-
Paleogene evolution was constructed by using zircon U-Pb
dating, low-temperature thermochronology, and the isostatic
model of the crust; according to the results of the thermal
simulation, two cooling—exhumation stages were identified,
with multiple tectonic collisions and extrusions; the low-
temperature thermochronology study indicates that the 2
phases of cooling events experienced in the Gaize Basin had
different tectonically driven mechanisms; using the isostatic
model for sedimentary accumulation, the contribution of
Paleogene sedimentation effects of the uplift of the land surface
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was calculated. This research has significant scientific value in
revealing the sedimentary infill process, paleotopographic
evolution, and uplift history of Cenozoic basins in central
Tibet.®

2. GEOLOGICAL SETTING

The BNSZ, located in the central Tibetan Plateau, is adjacent
to the Qiangtang terrane in the north and connects to the
Lhasa terrane in the south. It originates from Bangong Lake in
the west, passes through Gaize and Nima in the eastward
direction, and then extends southward toward Southeast
Asia.”"** The Gaize Basin, situated within this suture zone,
represents one of the crucial regions for the study of tectonic
evolution and geomorphic development of the Tibetan
Plateau. The formation and evolution of the Tibetan Plateau
are primarily driven by the continuous collision and
subduction of the India-Eurasia plate. Approximately SO Ma
ago, the northward subduction of the Indian Plate and its
collision with the Eurasian Plate triggered the surface uplift of
the Tibetan Plateau.””’ During the period from the Late
Cretaceous-Paleogene, the collision between the Qiangtang-
Lhasa terranes and the subduction process of the Neo-Tethys
Ocean initiated the primary crustal thickening and shortening
within the Tibetan Plateau region.‘%’35 In the Paleogene, as the
Indian Plate continued its northward subduction, the collision
intensified, further driving the uplift of the plateau. This phase
was accompanied by the upwelling of asthenospheric magma
and activation of thrust faults, resulting in additional crustal
thickening and ongoing surface uplift.'*** As the Tibetan
Plateau continued to rise, the sediments in the Gaize Basin
underwent prolonged erosion, gradually being exposed at the
surface. The paleotopographic changes during the Late
Cretaceous-Paleogene within the basin have unveiled the
intricate interrelationships between crustal thickening and
denudation, which have provided significant geological
evidence for the formation of the high-altitude, low-relief
terrain in the Tibetan Plateau region.

The Gaize Basin is positioned within the middlewestern
section of the BNSZ, sandwiched between the Lhasa terrane
and the Qiangtang terrane. To its east lies the Nima Basin, and
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Figure 3. Lithological characteristics of the Shamulou Formation sandstones from the Upper Jurassic-Lower Cretaceous in the Gaize Basin. (a, b)
Sampling locations of samples GZ-002 and GZ-005. (¢, d) Orthogonal polarization images of thin slices of samples GZ-002 and GZ-00S.

to its west lies the Awongco Basin. Since the Late Cretaceous,
it has been subjected to intense extrusion and tectonic
deformation, and several thrust fault systems have
formed;'"***® the Gaize-Selin Co thrust separates the
southern basin from the Lhasa terrane, and the Mugagangri
thrust within the Shiquanhe-Gaize-Amdo thrust system is the
northern boundary of the basin (Figure 2a).”” To the north,
the South Qiangtang terrane displays reverse thrust structures,
with Jurassic mélange rocks thrust from N to S above the
Paleogene, trending E-S; in the southern part of the basin,
Jurassic marine limestone, clastic rocks, and mélange rocks are
thrust from S to N above the Paleogene in the basin, also
trending E-S (Figure 2b). 33738

The Gaize Basin is underlain by the Triassic-Jurassic, with
outcrops of the Cretaceous Abushan Formation (K,a) and
Qushenla Formation (K;q), and the Paleogene Nadingco
Formation (En), Meisu Formation (Em), Kangtuo Formation
(Ek), and Quaternary Formation (Q).*****! The stratigraphic

subdivision of the South Qiangtang include the Riganpeico
Formation (T;r), Sewa Formation (J;_,s), Kangtuo Formation
(Ek), and Suonahu Formation (E,s); and the stratigraphic
subdivision of the BNSZ include the Mugagangri Group (Jm)
and the Shamuluo Formation (J;K;s). The Shamuluo
Formation (J5K;s) is a fossil-rich, unmetamorphosed shallow
marine carbonate and clastic sedimentary formation; the
Mugagangri Group, distributed along the BNSZ, is a Jurassic
mélange dominated by gray-black muddy slate and meta-
morphic sandstone, with interbedded siltstone, limestone, and
siliceous limestone.”*” The Lower Cretaceous Qushenla
Formation (K,q) andesite is formed along the south side of
the thrust fault. The Eocene Nadingco Formation, which is
formed in the eastern portion of the basin, unconformably
overlies the Kangtuo Formation; the lower portion of the
Kangtuo Formation is characterized by purple-red coarse-fine-
grained conglomerates interbedded with purple-red and black
sandstones, while the upper portion is composed of purple-red
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Table 1. Results of Zircon U—Pb Analysis

spot no.
D604-N-1
D604-N-2
D604-N-3
D604-N-4
D604-N-5
D604-N-6
D604-N-7
D604-N-8
D604-N-9
D604-N-10
D604-N-11
D604-N-12
D604-N-13
D604-N-14
D604-N-15
D604-N-16
D604-N-17
D604-N-18
D604-N-19
D604-N-20
D604-N-21
D604-N-22
D604-N-23
D604-N-24
D604-N-25
D604-N-26
D604-N-27
D604-N-28
D604-N-29
D604-N-30
D604-N-31
D604-N-32
D604-N-33
D604-N-34
D604-N-35
D604-N-36
D604-N-37
D604-N-38
D604-N-39
D604-N-40
D604-N-41
D604-N-42
D604-N-43
D604-N-44
D604-N-45
D604-N-46
D604-N-47
D604-N-48
D604-N-49
D604-N-50
D604-N-51
D604-N-52
D604-N-53
D604-N-54
D604-N-55
D604-N-56
D604-N-57
D604-N-58
D604-N-59

Th (ppm)

122.71
561.82
93.96
36.58
362.72
911.84
172.4
578.94
320.14
198.58
134.08
75.96
75.23
63.74
138.84
401.05
87.7
76.38
30.64
72.27
118.11
106.32
148.55
256.36
260.04
192.46
28.62
91.01
59.05
358.6
61.73
180.05
49.18
87.84
208.32
95.1
100.11
40.42
94.51
36.12
119.9
76.37
0.82
54.14
59.99
148.24
130.99
68.14
23.48
12.76
25.02
32.14
11.89
30.86
42.95
88.9
143.81
41.5
28.19

U (ppm)

132.28
442.69
61.01
35.23
202.15
478.11
745.66
540.97
189.55
112.71
111.28
40.16
48.37
37.54
202.98
440.17
85.18
76.31
175.79
86.07
103.96
80.49
81.68
645.07
243.33
145.39
36.9
331.03
63.82
391.12
81.33
263.25
54.17
145.8
628.99
119.73
109.29
92.7
92.95
33.56
99.92
88.7
87.6
37.08
30.97
173.92
105.69
31.55
8.43
143.7
10.68
94.79
6.98
64.33
54.08
64.59
97.62
67.81
51.86

Th/U

0.93
1.27
1.54
1.04
1.79
191
0.23
1.07
1.69
1.76
12
1.89
1.56
1.7
0.68
091
1.03
1
0.17
0.84
1.14
1.32
1.82
0.4
1.07
1.32
0.78
0.27
0.93
0.92
0.76
0.68
0.91
0.6
0.33
0.79
0.92
0.44
1.02
1.08
12
0.86
0.01
1.46
1.94
0.85
1.24
2.16
2.79
0.09
2.34
0.34
1.7
0.48
0.79
1.38
1.47
0.61
0.54

207Pb/206Pb

322
1828
1877
2528
346
354
272
443
787
350
383
854
2488
328
302
539
2514
1480
1954
794
300
320
680
256
345
1877
2521
1454
1976
276
639
1502
2448
309
250
346
550
1877
1028
609
620
365
569
1633
831
1884
254
2215
1856
1536
609
1869
2466
480
569
1873
989
369
1880

1o

33
20
7
N
18
11
7
11
3
28
21
19
S
69
15
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age (Ma)
207pp, /235y

173
311
1844
2509
318
251
223
265
736
230
293
796
2409
248

418
2428
1433
1811

268

188

247

575

179

232
1773
2509

779

567

234

468

2249
239
230
239
288

1760
941
532
393
178
445

1561
775

1762
228

2156

1841

1531
500

1829

2411
446
194

1840
936
295

1870
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206py, /238y 1o
161 1
148 2

1814 14
2488 22
311 2
240 2
219 1
245 2
720 4
219 2
281 2
774 6
2316 13
239 3
253 2
397 2
2327 13
1403 7
1690 12
211 3
180 2
238 2
549 4
174 1
221 2
1686 17
2495 25
544 16
281 3
230 2
43S 4
1408 12
2036 22
232 2
228 2
228 2
256 3
1663 17
904 6
515 S
35§ 2
165 1
422 3
1517 14
757 8
1659 12
225 2
2094 15
1835 46
1529 12
470 13
1793 16
2340 84
438 7
166 3
1812 16
918 12
286 4
1864 22

used age (Ma)

Age
161
148
1877
2528
311
240
219
245
720
219
281
774
2488
239
253
397
2514
1480
1954
211
180
238
549
174
221
1877
2521
544
281
230
43S
1502
2448
232
228
228
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1877
904
515
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165
422
1633
757
1884
22§
2215
1856
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470
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Table 1. continued

spot no. Th (ppm) U (ppm) Th/U 207pp /2%6pp
D604-N-60 39.58 86.73 0.46 324
D604-N-61 56.54 3141 1.8 1856
D604-N-62 153.21 12291 1.25 476
D604-N-63 62.38 51.69 1.21 524
D604-N-64 28.06 41.08 0.68 1900
D604-N-65 53.4 54.22 0.98 2487
D604-N-66 48.07 23.38 2.06 789
D604-N-67 103.34 111.33 0.93 476
D604-N-68 32.58 151.34 0.22 976
D604-N-69 41.2 56.31 0.73 478
D604-N-70 22221 161.04 1.38 1040
D604-N-71 77.74 60.54 1.28 498
D604-N-72 80.75 79.99 1.01 389
D604-N-73 77.69 214.5 0.36 265
D604-N-74 207.54 156.23 1.33 606
D604-N-75 54.87 181.59 0.3 206
D604-N-76 82.24 129.11 0.64 2521
D604-N-77 44.36 134.03 0.33 998
D604-N-78 42.61 71.14 0.6 1883
D604-N-79 16.51 92.42 0.18 317
D604-N-80 50.06 48.29 1.04 2542

age (Ma) used age (Ma)

1o 207ph /235y 1o 206pp /238y 1o Age 1o
26 304 S 301 4 301 4
7 1905 10 1961 18 1856 7
13 476 3 477 3 477 3
19 516 4 S14 4 514 4
8 1874 8 1849 13 1900 8
8 2501 7 2520 17 2487 8
219 741 7 728 7 728 7
19 389 4 374 3 374 3
7 932 S 913 6 913 6
16 428 4 421 3 421 3
18 373 3 275 2 2758 2
24 431 4 419 3 419 3
26 339 4 333 3 333 3
15 239 2 236 1 236 1
32 468 6 440 3 440 3
23 181 2 179 2 179 2
4 2461 8 2389 17 2521 4
7 925 S 895 7 89S 7
12 1880 10 1877 16 1883 12
47 227 6 217 3 217 3

8 2469 10 2382 22 2542

coarse conglomerates and fine conglomerates interbedded with
light gray coarse sandstones and fine sandstones.'>*"**

3. SAMPLING AND METHODS

A total of 3 samples from the Shamuluo Formation were
collected from the Gaize Basin. One medium-grained feldspar
quartz sandstone sample (D604-N) was analyzed for zircon
U—Pb chronology; two sandstone samples (GZ-002 and GZ-
00S5) were subjected to AHe and ZHe analysis and thermal
evolution simulations, respectively, and the sampling locations
are located in the Gaize Basin of the BNSZ (Figure 3). In this
study, we acknowledge that the limited sample size may render
the research findings not universally applicable. Nevertheless,
the current results can still impose constraints on the regional
uplift and exhumation history. In subsequent research, we will
increase the sample size, expand the sampling scope, and
further compare with previous research results to enhance the
accuracy of our findings.

3.1. Zircon U-Pb Chronology. The zircon separation
and target preparation for sample D604-N were carried out at
the Experimental Testing Center of the Hebei Regional
Geological Survey Institute. The extraction of zircon crystals
was carried out by means of standard crushing and separation
techniques. The zircon U—Pb dating was carried out at the
Institute of Mineral Resources under the Chinese Academy of
Geological Sciences, with the employment of the LA-ICP-MS
analytical technique. The analysis was conducted with an
Agilent 7700x laser ablation inductively coupled plasma mass
spectrometer that was paired with a 193 nm laser ablation
system. Zircon 91500 served as the external standard for
isotope fractionation correction, possessing an average age of
1062 + 8 Ma, which was congruent with the conventionally
recognized age.”” The Concordia diagram and Kernel Density
Estimation (KDE) diagram were generated using IsoplotR
software.***> Offline data analysis was conducted using ICP-
MS Data Cal software, with detailed instrument operating
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conditions and data processing methods as outlined in Liu et
al.** (Table 1).

3.2. Apatite and Zircon (U-Th)/He and Thermal
Evolution Simulations. AHe and ZHe datings are
commonly used for low-temperature thermochronological
dating and thermal history simulation and can reveal the
driving mechanism of the exhumation process and rapid
cooling.*® In order to explore the correlation among thrust
faulting, uplift exhumation, fluvial transport, and the
sedimentary record, two samples of Shamuluo Formation
sandstones were obtained from the lower plate of the Dongcuo
thrust fault (Figure 2a).

Samples GZ-002 and GZ-005 were completed in the
laboratory of the Hebei Provincial Geological Survey Institute
and the National Institute of Natural Disaster Prevention and
Control. The sandstone samples to be tested were crushed to
80—100 mesh powder, drained, and sieved; the selected apatite
and zircon particles were wrapped in sulfate paper and set
aside. Follow-up experiments were carried out following the
procedure of Foeken®’ et al: apatite and zircon grains with
intact grain shape, without internal inclusions, and a minimum
width of 65 um or more were selected,®*’ and the *He
content of the grains was measured with an Alphachron He
isotope mass spectrometer. The apatite and zircon particles
underwent a two-step heating process by using a 970 nm diode
laser. Subsequently, the extracted “He was diluted with *He.
For the isotopic analyses, a quadruple rod mass spectrometer
was utilized. Prior to this, samples were purified with a SAES
APION zirconjum—aluminum pump for 5 min to eliminate
reactive gases.

After the *He content determination is completed, the
sample grains will be transferred to a solution bottle, 7 mol/L
of HNOj; and 25 uL of U and Th diluent will be added, the
dissolution bottle will be left at room temperature for 4 h (10 h
for zircon), and MiniQ ultrapure water will be added to the
dissolution bottle. Diluted standard and sample solutions were
completed on an Agilent 7900 ICP-MS, yielding AHe and ZHe
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Table 2. Results of Apatite (U—Th)/He Analysis

Th U length width initial age corrected age
spot no. (ppm) (ppm) Th/U [EU] (um) (um) Rs FT age + 6(Ma) age + 6(Ma)
GZ-002—1A 4.64 30.11 6.71 11.71 212.20 105.00 62.88 0.69 35.05 + 0.64 50.71 + 0.93
GZ-002—2A 1.79 13.13 7.58 4.88 199.33 119.06 69.05 0.72 40.91 + 0.84 57.00 + 1.17
GZ-002—3A 0.15 2.60 18.01 0.76 187.92 124.37 69.92 0.72 62.47 + 1.76 87.32 + 2.46
average age (Ma) 39.15 + 3.56 55.87 £ 6.78
GZ-005—1A 242 22.83 9.74 7.79 161.77 116.30 64.86 0.70 36.8 + 0.70 52.76 + 1.00
GZ-005—2A 2.74 27.01 10.19 9.09 314.59 219.76 130.84 0.85 36.88 + 0.73 43.40 + 0.86
GZ-005—3A 3.59 28.99 8.34 10.41 196.09 121.60 63.84 0.69 38.35 + 0.77 5527 = 1.11
average age (Ma) 37.29 + 0.29 49.39 + 2.97

Table 3. Results of Zircon (U—Th)/He Analysis
Th 8] length width initial age corrected age
spot no. (ppm) (ppm) Th/U [EU] (um) (um) Rs FT age + 6(Ma) age + 6(Ma)
GZ-002—-1Z 64.98 17.43 0.28 69.07 192.44 100.90 59.50 0.79 48.82 + 1.31 61.83 + 1.66
GZ-002—-27Z 345.44 54.07 0.16 358.14 116.20 72.46 40.98 0.70 60.95 + 1.67 86.46 + 2.37
GZ-002—-3Z 242.79 49.50 0.21 254.42 156.66 71.56 4441 0.72 57.84 + 1.56 79.79 + 2.1
average age (Ma) 54.78 + 4.57 72.75 + 12.35
GZ-005—-1Z 154.37 70.34 0.47 170.90 18791 83.72 48.41 0.74 7442 + 1.92 100.38 + 2.59
GZ-005-2Z 231.08 77.71 0.35 249.34 183.78 104.28 59.46 0.79 62.83 + 1.67 79.70 + 2.12
GZ-005—-3Z 396.79 129.60 0.34 427.24 167.98 88.10 51.86 0.76 62.87 + 1.67 82.78 + 2.20
average age (Ma) 66.03 + 5.19 86.13 + 11.17

ages, weighted average ages of the samples, and isotopic
contents of individual grains (Tables 2 and 3). Thermal history
inversion simulations were performed using HeFTy software
with the following constraints: (1) The U—Pb age of the
antecedent detrital zircon was employed to constrain the age of
the sedimentary stratigraphy within the region.”">* (2) The
temperature at the onset of the stratigraphy’s initial deposition
averaged around (10 + 5) °C. (3) The average temperature at
the surface of the present-day Gaize Basin is 10 + S °C. (4)
The confinement temperatures of the apatite samples are 40—
70 °C, and the closure temperature of zircon samples is 130—
200 °C. The thermal history simulations derived using the
HeFTy software were simulated as “Good” when the GOF
value was greater than 0.5 and were considered “Acceptable”
when the GOF value was only greater than 0.05. For the
simulation results not to exclude more possibilities within the
error range because of the constraints, a time interval slightly
larger than the particle age range of the sample was selected as
a constraint.

3.3. Isostatic Model of the Crust. In the context of
endorheic basins, the processes of crustal shortening and
sediment accumulation are capable of inducing surface uplift.
The basement of the sedimentary zone within the BNSZ is
relatively rigid with limited crustal shortening, while sediment
accumulation contributes to the uplift of the Gaize Basin.
According to the isostatic model (Figure 4), the amount of
surface uplift caused by sediment accumulation can be
calculated by measuring the thickness of the Paleogene
sediments within the basin.’">*

Due to compaction, the density of the sediment increases
with depth, and assuming an exponential decreasing trend in
the porosity of the sediment,”*>> the density of the sediment
can be expressed as follows*”

p,(h) = p,-(p,-p)e" )
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Figure 4. Isostatic model of sedimentary basins (modified from
refs31,53): Hp is the total sediment thickness; H. is the initial crustal
thickness before tectonic shortening; Hj is the crustal thickness after
tectonic shortening; h, is the surface uplift caused by sedimentary
strata; p,, is the mantle density; p. is the crustal density; and p,, is the
density of the sediments.

The condition for equalization compensation can be
expressed as follows™

hy, Hy
L puan = fh (g, — p,(W)1dh o

The derivation of eq 2 yields eq 3, which is the formula for
the augmentation amplitude (h,) due to sedimentation®"*’

hb= pm _pOHB— pO _pS(e—cHB_ 1)
P D 3)
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Figure S. (a) Concordia diagram showing the results of zircon U—Pb analyses (ages in Ma). (b) KDE of detrital zircon from the Shamuluo
Formation in the Gaize Basin. (c) Representative CL images of detrital zircons.

The degree of sediment compaction varies with depth, so
sediment thickness (Hp) needs to be corrected in paleo-
elevation estimation.’">

H, Hy
[ oman= [ p )
0 Hy—Hy,

2 (4)
Eq § is derived from eq 4
Pt + (0 = ) = 1)
= oy + —(py — p)(& M = )
c ) (%)
The corrected deposition thickness Hp can be calculated from

eq S.

Hj is the total sediment thickness; Hy; is the modern
observed sediment thickness of the target layer; Hp is the
corrected sediment thickness; and h;, is the surface uplift
induced by the sedimentary strata. The mantle density (p,,) is
taken to be 3.3 X 10° kg/m?; the particle density (p,) to be 2.7
X 10° kg/m?; and the surface sediment density (p, (h = 0)) to

be 2.2 X 10° kg/ m? and the constant ¢ was taken as 4 X 107*
~155
m™.

4. ANALYTICAL RESULTS

4.1. Zircon U-Pb Dating Results. U-Pb dating of
detrital zircons from sample D604 of the Shamulou Formation
in the Gaize Basin was conducted, yielding 80 data points. The
analysis using the Discordance Index showed that no zircon
age exceeded 10% discordance, indicating that the ages of all
80 data points are stable. These results suggest that the zircons
have not undergone significant thermal alteration or meta-
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morphism, providing a reliable geological age estimate. The
ages reflect the sample’s original formation time and stability,
with no apparent influence from later geological events (Figure
5a). The youngest zircon **Pb/**®U age measured in the
sample is 161 + 1 Ma, indicating that the Shamuluo Formation
was not deposited earlier than the Late Jurassic (Table 1). Li et
al. stated that the youngest detrital zircon within the Shamuluo
Formation was dated at 113 Ma, suggesting that the
sedimentary process of the Shamuluo Formation potentially
persisted from the Late Jurassic to the late Early Creta-

50-52
ceous.

Sample D604-N zircon ages show 256—217 and 1954—1856
Ma as the most prominent age peaks, along with 550—470,
440—397, 918—720, and 2542—2448 Ma age peaks (Figure
5b). The 2Pb/**U age ranges from 256 to 217 Ma, with 16
age points, 12 of which have zircon Th/U values >0.4, and 4
have zircon Th/U values between 0.1 and 0.4. In the second
group, there are 12 sites with 207p}, /206p}, ages between 1954
and 1856 Ma (Figure Sb), and all of them have Th/U values
>0.1. In zircon U—Pb geochronology, the 207pb /2%Pb ratio
exhibits relatively lower susceptibility to error in older samples,
demonstrating a reduced impact from lead loss and
consequently providing more stable and reliable age determi-
nations. In the CL images, the majority of the aforementioned
zircons display magmatic oscillatory zones, indicative of their
nature as magmatic zircons (Figure Sc).

4.2. (U-Th)/He Experimental Results. When selecting
different mineral particles from individual rock samples,
particles with relatively similar grain sizes were chosen, and
there was no significant positive correlation between the
spherical equivalent radius and the initial age of (U—Th)/He
for all of the mineral particles tested; the initial age of (U—
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Figure 6. Simulation results of thermal evolution in the Gaize Basin. The blue boxes are time—temperature bounding boxes. “Good” results (fit
>0.55) are represented by the blue area. “Acceptable” results (fit > 0.05) are represented by the yellow area. The orange thick line represents the
weighted average of all results. The green thick line represents the best-fit curve. The red dashed box represents a cooling onset or cooling

acceleration event.

Th)/He and the effective uranium concentration for apatite
and zircon particles did not show any significant positive
correlation, and the mineral particles were less affected by the
radiation damage. The AHe and Zhe corrected ages do not
show a significant negative correlation with the effective
uranium concentration, and the experimental data have been
Ft-corrected, suggesting that the age values obtained from the
tests are less affected by zircon and apatite (a-particles)
injections and ejections.56

The a-particle damage-corrected AHe single-grain weighted
average age of sample GZ-002 is 55.87 + 6.78 Ma, and the
ZHe single-grain weighted average age is 72.75 + 12.35 Ma.
The a-particle damage-corrected AHe single-grain weighted
average age of sample GZ-00S is 49.39 + 2.97 Ma, and the
ZHe single-grain weighted average age is 86.13 + 11.17 Ma.
The single-grain weighted mean ages of AHe and ZHe for both
samples are less than the depositional age (Tables 2, 3). This
age proves to be the time limit for the most recent thermal—
historical evolution of the sedimentary strata, as recorded by
the complete annealing of the mineral grains after deposition.

The three AHe single-grain ages and errors of GZ-002 are
50.71 + 0.93, 57.00 + 1.17, and 87.32 + 2.46 Ma, respectively,
of which the two younger ages are similar, and 87.32 + 2.46
Ma is close to the stratigraphic depositional age. The corrected
AHe weighted average age of GZ-002, 55.87 + 6.78 Ma, is
more consistent with the actual thermal history evolution
process, so the time limit range of 63—50 Ma was selected.

The ages and errors of the three AHe single particles of GZ-
005 are 52.76 + 1.00, 43.40 + 0.86, and 55.27 + 1.11 Ma,
respectively, which are similar to the younger ages of the two
AHe of sample GZ-002, and the sampling distances of GZ-002
and GZ-005 are closer together and combined with the
tectonic evolutionary process of the Gaize Basin. The weighted
average age and error of the three AHe single grains in sample
GZ-005 is 49.39 + 2.97 Ma, and the time-limited range of AHe
is 53—47 Ma (Table 3).

The three ZHe single-particle ages of GZ-002 and their
errors are 61.83 + 1.66, 86.46 + 2.37, and 79.79 + 2.15 Ma, of
which 79.79 + 2.15 Ma is extremely similar to the single-
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particle age of 79.70 + 2.12 Ma of sample GZ-00S, and the
combination of the corrected weighted age and the error of
72.75 + 12.35 Ma, GZ-002 has a time-limited range of 85—60
Ma in ZHe, which allows for thermal history inversion
simulations.

The three ZHe single-grain ages of GZ-005 and their errors
are 100.38 + 2.59, 79.70 + 2.12, and 82.78 + 220 Ma,

respectively, of which 100.38 + 2.59 Ma is close to the
stratigraphic depositional age. Combined with the corrected
weighted age and error of 86.13 + 11.17 Ma, a time limit range
of 97—75 Ma for the ZHe was selected.

4.3. Thermal Evolution Simulation Results. Substitut-
ing the above experimental results into the HeFTy software
simulation, sample GZ-002 experienced a rapid cooling event
during 85—70 Ma, with an extremely rapid temperature drop,
and it is hypothesized that the collision of the Lhasa and
Qiangtang terranes led to the overall uplift of the Gaize Basin
and the sharp acceleration of the exhumation; then, two rapid
cooling events of a smaller scale occurred again during the
period of 60—4S5 Ma (Figure 6a).

Sample GZ-005 underwent a rapid cooling event during 87—
78 Ma, followed by a longer period of burial, and then two
smaller-scale rapid cooling events occurred again during 54—
26 Ma (Figure 6b). In conclusion, the Late Cretaceous-
Paleogene Gaize Basin is divided into two cooling events, 87—
70 and 56—26 Ma.

4.4. Calculation of the Isostatic Model. Based on the
sedimentary stratigraphic data of the Zhongcang (ZC) profile
of the Paleogene Suonahu Formation'® and the Mengdangle
(MDL) profile of the Kangtuo Formation'>”” in the Gaize
Basin, and based on the empirical formula of the isostatic
model, the actual contribution of the Paleogene depositional
action to the surface uplift can be calculated. Among them, the
MDL profile is divided into 131 layers, visible at the top and
bottom of the profile, with a total thickness of about 1100 m
(Figure 7a); the ZC profile is divided into 86 layers, with the
top and bottom of the section visible and a total thickness of
about 330 m (Figure 7b).
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Figure 7. Stratigraphic column diagrams of the MDL profile and ZC profile in the Paleogene of the Gaize Basin (modified from refs 15,57). (a)
Lithologic column of Kangtuo Formation in MDL section. (b) Lithologic column of Suonahu Formation in the ZC section.

The BNSZ in the Gaize Basin is considered a rigid
basement,***° and the rigid block did not undergo significant
crustal shortening uplift, and at this time, the important cause
of uplift in the closed Gaize Basin was sediment accumu-
lation.”>*® Calculated according to the aforementioned
formula, the corrected sediment thickness of the Kangtuo
Formation is 1400 m and the height of surface uplift caused is
417 m. The corrected sediment thickness of the Suonahu
Formation superimposed on the Kangtuo Formation is 1430
m, and the height of surface uplift caused is 425 m. According
to the stratigraphic relationship between the Paleogene
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Kangtuo Formation and the Suonahu Formation,"” the
cumulative contribution of the two to the thickness of the
formation is about 0.4 km.

5. DISCUSSION

5.1. Late Cretaceous (87-70 Ma) Exhumation
History. In the Late Cretaceous period, the rapid cooling
event was due to the collision between the Qiangtang and
Lhasa terranes, triggering a surface uplift process. Driven by
the subduction of the New Tethys Ocean, the continued
compression and accretion following the collision of the
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Figure 8. Schematic diagram of the tectonic evolution of the Late Cretaceous-Paleogene in the Central Tibet Valley (modified from ref 35).

Qiangtang and Lhasa terranes not only resulted in crustal
shortening and thickening but also led to lithospheric
delamination (Figure 8a).*” This sequence of tectonic activities
hastened the plateau’s uplift in the Late Cretaceous, which in
turn caused a swift decline in surface temperatures and
initiated cooling and exhumation occurrences. Particularly
between 87 and 70 Ma, the Gaize Basin underwent significant
cooling and exhumation, which is highly consistent with
previous studies conducted in the northern Lhasa terrane,”
the eastern segment of the BNSZ Amdo region,61 and the
Qiangtang terrane.”>>*>"% These cooling and exhumation
phenomena are not only reflected in the exposure of surface
sediments but also demonstrate the dynamic evolution of the
crust and lithosphere of the Tibetan Plateau. From the Late
Early Cretaceous-Paleogene, extensive tectonic shortening in
the southern regions of the Qiangtang terrane and the Lhasa
terrane further attested to the intense crustal compression that
the plateau endured during this period. This compression, in
turn, spurred the rapid uplift of the surface.***>°® Moreover,
the occurrence of K-rich adakites and Mg-rich magmatic
activity provides crucial evidence of crustal thickening during
this period. These magmatic occurrences imply that consid-
erable crustal thickening took place in the central Tibetan
Plateau during the Late Cretaceous, followed by lithospheric
delamination events that led to rapid surface uplift.”’~"*

5.2. Paleogene (56—26 Ma) Exhumation History.
During this stage, the swift cooling and exhumation
occurrences within the Gaize Basin reflect the complexity of
crustal dynamics throughout the India-Asia collision, partic-
ularly the ongoing northward subduction of the Indian
continent and its interaction with the Asian continent. As

this tectonic process continued, the Gaize Basin underwent
intense tectonic uplift, magmatic activity, and large-scale
compressional deformation (Figure 8b).**7*77® Especially
during the Paleocene, surface uplift was closely linked to
tectonic processes such as magmatic upwelling, lower crust
flow,>*”” and upper crust shortening,’’ which collectively
drove the overall uplift of the basin. From the middle Eocene
to late Oligocene, the geological environment of the Gaize
Basin underwent significant changes. The early-formed thrust
fault systems were reactivated, marking a strong response to
deep-seated tectonic activities. The activity of the Shiquanhe-
Gaize-Amdo thrust fault and the southern Gaize-Selin Co
thrust fault signaled that tectonic movements within the basin
were still ongoing, and the movements of these faults played a
crucial role in shaping the geomorphology and evolution of the
Gaize Basin. Accompanying these tectonic processes, surface
river erosion gradually intensified, particularly enhanced river
transport and erosion, which led to the development of a
highly undulating topography in the basin. This process
significantly accelerated regional exhumation.'® Xiong et al.®
pointed out that during this period, a “T'wo mountains
sandwiching a basin” Central Valley structure emerged,
reflecting the contrasting erosion rates of the rock layers
inside and outside the basin and the strong influence of
tectonic activity.

According to the isostatic model for sedimentary accumu-
lation, the contribution of sediment accumulation caused by
Paleogene erosion and fluvial transport to surface uplift
significantly increased, with sediment deposition contributing
approximately 0.4 km to the surface uplift of the Gaize Basin.
The BNSZ, where the Gaize Basin is located, is underlain by a
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rigid block with the surrounding mountains rising from the
north and south as the exhumation zone. Within the Gaize-
Nima-Lunpola basin system adjacent to the BNSZ, the
sedimentary strata dating back to the Eocene-Oligocene period
typically possess a thickness ranging from 2 to 4 km,*®”®
indicating significant topographic relief in the surrounding
areas during sediment deposition. As the external drainage
system shifted to an internal drainage system,”” through river
transport, the basin floor began to receive inputs of sediments
cut by rivers and transported by erosion, which slowly
accumulated, filling the enclosed Gaize Basin. The alterations
in the sedimentary environment imply that the central Tibetan
Plateau possessed a comparatively prominent topographic
relief in the early Cenozoic. From the Eocene-Oligocene, its
surface was subjected to both erosional and basin-filling
procedures. This contention is further corroborated by the
isostatically compensated basin infilling paradigm.*"*°

The research on the Central Valley has primarily focused on
the narrow region to the south of the BNSZ, particularly along
the Gaize-Nima-Lunpola basin. During the Eocene-early
Oligocene, the Qiangtang terrane underwent extensive
exhumation. In light of this, the following interpretation is
put forward: this paleo-valley with a relatively low elevation
mirrors the altitude of mountain basins that were principally
formed within the Lhasa terrane. During the early Eocene and
early Oligocene, rapid exhumation and erosion were likely
related to the flow patterns of external drainage systems. Water
mainly followed the east—west trending lowland river valleys
and flowed toward the southeast, carrying with it a substantial
quantity of eroded materials from the adjacent mountains.
Eventually, these materials were deposited in the marine region
at the southern edge of the Lhasa terrane.'”"’

5.3. Formation of Low-Relief Topography in the
Oligocene. Subsequent to the vigorous exhumation incidents
during the early Cenozoic, as a result of the incessant collision
between the Indian Plate and the Eurasian Plate, the Tibetan
Plateau was subject to a process of diminished tectonic
deformation and smoothening of the topography, concurrent
with its intense uplift. In this phase, crustal uplift and
lithospheric shortening occurred simultaneously and the
tectonic activity began to stabilize, accompanied by the
formation of an arid climate. Consequently, the central region
of the Tibetan Plateau gradually evolved into a landform
characterized by high-altitude, low-relief terrain. Meanwhile,
localized tectonic subsidence and sedimentation contributed to
the final shaping of the Central Valley (Figure 8c).”*® Since
the early Oligocene, the cooling and exhumation rate of the
Gaize Basin in the central Tibetan Plateau has been limited,
and the erosion rate has graduallzr slowed. The internal
drainage system further developed,'” and the sedimentation
rate decreased, leading to a reduction in topographic
differences.*” The basin gradually filled during the Oligocene
and eventually formed a high and wide interior drainage area.
By ~30 Ma, the central Tibetan Plateau had already developed
a well-defined low-relief topography.'

Detrital zircon U—Pb dating results and paleocurrent
investigations indicate that the southern border of the Gaize
Basin is precipitous, and the sediment sources underwent a
remarkable variation during the late Eocene period."”*' The
Lhasa terrane to the north of the basin provided abundant
source material, especially detrital material from this region,
which further accelerated the sedimentary filling within the
basin. This study additionally revealed that the sediment
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sources of the Gaize Basin exhibit substantial resemblance to
those of the Nima and Lunpola Basins. This similarity lends
credence to the supposition that during the early Cenozoic,
these basins might have constituted a section of a low-altitude
valley among mountains. Overall, the erosion, exhumation, and
sedimentary infilling of the basin clusters along the BNSZ were
shaped by the reactivation of thrust fault systems, the low-relief
topography that resulted, and the river incision. This provided
important evidence for further deciphering the region’s
tectonic evolution history.

The Gaize Basin’s low-relief characteristics reflect the
landscape adjustment process following the uplift, whereas
the Central Valley’s gentle topography indicates that its
formation was influenced by the development of the internal
drainage system and tectonic adjustments following the overall
uplift. The formation of this series of geomorphological
features not only reflects the overall uplift pattern of the
Tibetan Plateau but also provides valuable insights into
understanding its geological characteristics and dynamic
mechanisms.

6. CONCLUSIONS

(1) The Shamuluo Formation in the Gaize Basin has the
youngest detrital zircon U—Pb age of 161 Ma,
constraining its deposition age to the Late Jurassic-
Early Cretaceous. Using this constraint, thermal history
modeling based on AHe and ZHe dating results suggests
that the Gaize Basin underwent two episodes of rapid
cooling and exhumation, occurring between 87—70 and
56—26 Ma.

(2) The exhumation events during the Late Cretaceous are
associated with surface uplift in the central Tibetan
Plateau, driven by the ongoing collision of the Qiangtang
and Lhasa terranes and the subduction of the New
Tethys Ocean. The Paleogene exhumation events
correspond to surface uplift caused by the continued
collision between the Indian and Eurasian plates and the
northward subduction of the Indian plate, with
sedimentary accumulation contributing about 0.4 km
to the surface uplift. By the early Oligocene, the high-
altitude, low-relief topography of the central Tibetan
Plateau had become fully established.
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