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Abstract Paleoenvironmental reconstruction plays a
pivotal role in providing insights into the uplift history of
the Xizang Plateau during the Cenozoic. The Nima Basin,
situated in the central Xizang Plateau, is crucial for
studying the tectonic and geomorphic evolution of this
region. The clastic composition and geochemical charac-
teristics of the Niubao Formation hold considerable
potential for unravelling the geological history and
reconstructing depositional environments of central Xizang
in the early Cenozoic. In this study, we present detailed
geochemical characteristics to determine their provenance,
paleoenvironmental conditions, and tectonic origins. The
index of compositional variability (ICV > 1) of mudstones
indicates that low compositional maturity sediments
underwent weak sedimentary recycling. The chemical
index of alteration (CIA: 59.8—72.9) reveals that parental
rocks experienced a moderate chemical weathering degree.
The paleoclimate indicators of the mudstones suggest an
oxidizing and arid depositional environment, with a mean
annual temperature (MAT) of 11.64°C + 4.19°C. The
geochemical evidence also demonstrates that the mud-
stones were derived from mixed felsic and intermediate
igneous rocks that formed in a dominantly continental
island arc tectonic setting. Similarities in the geochemical
characteristics among the Niubao Formation and
surrounding igneous rocks indicate that a continental-scale
drainage system once drained westward in central Xizang.
It is concluded that the central plateau experienced a cooler
and drier climate coinciding with the presence of a large-
scale drainage system during the late Eocene.
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1 Introduction

The early Cenozoic continental collision between the
India and Asia accelerated the outward growth of the
Xizang Plateau from central Xizang and significantly
influenced the Cenozoic global climate and the
development of the Asian monsoon system (Raymo and
Ruddiman, 1992; Molnar et al., 1993, 2010; Cerling
etal., 1997; Dupont-Nivet et al., 2007; Ding et al., 2014;
Deng and Ding, 2015; Kapp and DeCelles, 2019; Ingalls
et al., 2020; Yang et al., 2022; Feng et al., 2023). Nonethe-
less, the comprehension of the Cenozoic geomorpho-
logical and paleoenvironmental evolution in central
Xizang remains a subject of intense debate, primarily due
to methodological disparities among studies (Wang et al.,
2014a; Suetal., 2019; Spicer et al., 2021a, 2021b; Ding
etal., 2022). Several Cenozoic intermountain basins,
developed in the Bangong-Nujiang Suture Zone (BNSZ)
in central Xizang, accumulated up to 4 km of fluvio-
lacustrine sediments that contain crucial paleogeographic
evolution records. The isotopic compositions of
carbonates obtained from those basins suggest arid and
cold conditions during the Paleogene (Rowley and Currie,
2006; DeCelles et al., 2007b), whereas the same succes-
sions have yielded fossils of mammals (Deng et al.,
2012), fish (Wuetal, 2017), plants (Jiaetal., 2019;
Jiang et al., 2019; Liuetal., 2019; Suetal., 2019; Tang
et al., 2019), and biomarker remains (Jia et al., 2015) that
reflect a warm and humid environment. The stable
isotope analyses of paleosol carbonate in the Nima Basin
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point to an arid climate and high paleoelevation (4.5—
5 km) by 26 Ma (Rowley and Currie, 2006; DeCelles
etal.,,2007a; Sun etal., 2014; Ingalls etal., 2020),
whereas the paleontological evidence provided by the
ecological signal of plant megafossils and fish suggests
that tropical-subtropical warm and humid lowland
habitats were present in the Xizang interior ca. 26 Ma,
probably at an elevation of ~1 km (Wuetal., 2017).
Additionally, reliable chronological frameworks (Han
etal.,2019; Fangetal., 2020; Xiong et al., 2022) and
numerical simulation models (Botsyun et al., 2019; Su
etal.,2020) have resolved the disparities between
paleontological and isotopic geochemistry investigations.

During the process of weathering, erosion, transport,
deposition, and diagenesis, geochemical elements in
source rocks exhibit stable chemical characteristics,
resulting in minimal differentiation in fine-grained
sediments (Nesbitt, 1979; Nesbitt and Markovics, 1997;
Duddy, 1980; Bhatia, 1983; McLennan etal., 1983;
Taylor and McLennan, 1985; Wronkiewicz and Condie,
1987; Crichton and Condie, 1993; Vital and Stattegger,
2000; Weltje and von Eynatten, 2004; Singh, 2009;
Moradi et al., 2016; Caracciolo, 2020; Wang et al., 2020;
Amorosi et al., 2022). The geochemistry of clastic
sediments is an essential source of information for
determining their provenance history (Girty et al., 1993;
Cullers and Podkovyrov, 2000; Anderson etal., 2002;
Wang ectal., 2018a; Ramos-Vazquez and Armstrong-
Altrin, 2019; Chen et al., 2020; Banerji et al., 2022), as
well as their tectonic background (Roy et al., 2008;
Gallala etal.,, 2009; Armitage etal., 2011; Baietal.,
2015; Wangetal., 2017a; Wang et al., 2018a; Lin et al.,
2021; Sun et al., 2022).

The Paleocene to Eocene Niubao Formation is exten-
sively distributed within the Bangong-Nujiang Suture
Zone (BNSZ) and is one of the predominant Cenozoic
strata in central Xizang. Although numerous paleonto-
logical identifications and hydrocarbon explorations have
been conducted on the Niubao Formation, further geoche-
mical studies are required to gain a comprehensive
understanding of the paleoenvironment of the Niubao
Formation. In this study, the geochemical characteristics
of mudstones were analyzed in the Niubao Formation in
the Nima Basin, with a comparative examination against
neighboring igneous rocks. Additionally, the study
applies an empirical formula to calculate the mean annual
temperature (MAT) of the source area. The primary
objective is to elucidate the origin and tectonic setting of
the Niubao Formation and to provide a new perspective
on the early Cenozoic paleogeomorphic pattern of central
Xizang.

2 Geological background

The Qiangtang and Lhasa terranes are divided by the
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Bangong-Nujiang Suture Zone, which extends approxi-
mately 2000 km from east to west in central Xizang. The
Nima Basin, one of the largest Cenozoic sedimentary
basins within the BNSZ, spans an east-west-trending
region with an area of 3000 km? (Fig. 1; DeCelles et al.,
2007a, 2007b; Kapp et al., 2007; Chen et al., 2022). The
Cenozoic terrestrial strata in the Nima Basin uncon-
formably overlie deformed Mesozoic marine strata. The
margins of the basin are strongly deformed by east—west
basin-controlling faults along the northern and southern
margins. Previous research has revealed that the Niubao
Formation was deposited predominantly in a fluvial to
deltaic environment during the Paleocene to Eocene. The
Niubao Formation is distinguished by red upward-fining
or upward-coarsening sequences of conglomerate,
sandstone, siltstone, and mudstone, with occasional thin
interlayers of marl and limestone that likely represent
lacustrine facies. Recent investigations constructed a
chronostratigraphic framework for the Niubao Formation
using the ages of volcaniclastic interlayers as chrono-
logical anchors. Tuffaceous and paleomagnetic strati-
graphic results in the Lunpola basin yielded an age range
of 41.8-21.5 Ma for the middle to the upper part of the
Niubao Formation (Fang et al., 2020). Suetal. (2020)
obtained a zircon U-Pb age of 47.5 + 0.7 Ma from a
tephra-rich layer in the Niubao Formation in the Bangoin
Basin. Xiong et al. (2022) established a depositional age
range of 50—29 Ma for the Niubao Formation, extending
from the base to the top of the formation.

In this study, a 410-m-thick stratigraphic section of the
Niubao Formation was measured in the field on the
south-eastern margin of the Nima Basin (31°57'04.30"N,
88°24'42.87"E; Fig. 2). The sedimentary profile is domi-
nated by red and grayish-green mudstones with a total
thickness of approximately 200 m. The interbedded
conglomerates, sandstones, and siltstones are characte-
rized by kinds of sedimentary structure, including parallel
or horizontal bedding, cross-bedding, and bioturbation.
This section is near the Kanggale section (31°5821.38"N,
88°26'10.19"E), where notable late Eocene fossils of
Spittlebugs and Lestidae were discovered (Xia et al.,
2022; Xu etal., 2022). The fossiliferous strata in
Kanggale consist of similar grayish-green mudstones and
calcareous shales, with interbedded mudstones, sand-
stones, and limestones within these layers (Xia etal.,
2022). The striking similarity in lithologic composition
and sedimentary features between the studied section and
the Kanggale section indicates that the depositional age of
the measured section in this study is assigned to the late
Eocene.

3 Sampling and analytical methods

3.1 Sampling

Eighteen mudstone samples were systemically collected
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Fig. 1 (a) Primary terranes of the Xizang Plateau (modified from Li et al., 2015). (b) Geological map of the Nima Basin (modified

from Chen et al., 2020).

from different stratigraphic intervals for geochemical
analysis. The sampling locations are shown in Fig. 2. To
minimize weathering effects, we selected unweathered
samples and carefully removed weathering surfaces. All
the samples were crushed in the laboratory before
analysis.

3.2 Analytical methods

Major element, trace element, and rare earth element
(REE) analyses were completed at Wuhan Sample
Solution Analytical Technology Co., Ltd., Wuhan, China.
Whole-rock major oxide concentrations were measured
using an X-ray fluorescence spectrometer (XRF). The
whole-rock major element analysis samples were
prepared by the fusion bead method. For this procedure,
samples were collected and pulverized to a size of less
than 200 mesh using an agate mortar. Approximately 1 g

of fine powdered sample was then fused with a 6 g flux,
consisting of a well-balanced mixture of lithium
tetraborate, lithium metaborate, and lithium fluoride at a
ratio of 45:10:5, to form a uniform glass bead.
Ammonium nitrate and lithium bromide were used as
oxidant and release agents, respectively. The melting
temperature was 1050°C and was maintained for 15 min.
Measurements were made using a ZSX Primus II
wavelength dispersive XRF instrument (RIGAKU, Japan)
with a 4.0 kW Rh target X-ray tube at 50 kV and 60 mA.
Quality control was ensured using physical and analysis
replicates and the reference material GBWO07101-14. The
data were corrected by the theoretical o coefficient
method, and the relative standard deviation (RSD) was
less than 2%.

Whole-rock trace element analysis and REE analysis
were conducted on an Agilent 7700e ICP-MS instrument.
In the pretreatment phase for geochemical trace and REE
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Fig.2 The stratigraphic chart of the studied section and line chart depicting changes in paleoenvironmental and provenance
indicators. The age of the section is determined through stratigraphic correlation (Xia et al., 2022; Wang et al., 2023).

analysis, the sample powder, with a 200 mesh size, was
initially dried for 12 h at 105°C. A 50 mg portion of this
powder was then accurately weighed and placed in a
Teflon bomb, to which 1 mL of HNO; and 1 mL of HF
were added. This mixture was heated in a stainless steel
jacket at 190°C for more than 24 h and then cooled. The
contents were evaporated to near dryness, treated with
HNO,, and evaporated again. A mixture of HNO;, Milli-
Q water, and 1 mL of internal standard solution with 1
ppm In was added, and the Teflon bomb was resealed and
placed in the oven for more than 12 h. The final solution
was transferred to a polyethylene bottle and diluted with
2% HNO; to a total of 100 g.

The analysis employed a GeolasPro laser ablation
system integrated with a COMPexPro 102 ArF excimer
laser, featuring a 193 nm wavelength and 200 ml
maximum energy, alongside a MicroLas optical system.
Trace element compositions were determined using an
Agilent 7700e ICP-MS instrument, with helium as the

carrier gas and argon as the makeup gas, which was fed
into the ICP through a T-connector. This system includes
a “wire” signal smoothing device (Hu et al., 2015). The
laser parameters were set to a 40 um spot size and a
10 Hz frequency. Calibration was conducted using the
reference materials NIST 610 and NIST 612. Each
sample underwent a 20-30 s background acquisition
followed by a 50 s data acquisition from the sample. The
off-line selection, integration of the background and
analytical signals, time-drift correction, and quantitative
calibration were performed using the ICPMS DataCal
10.1 software (Lin et al., 2016).

4 Results

A total of 18 representative samples of the studied section
were analyzed for major, trace, and rare earth elements.
The results are given in Tables 1, 2, and 3.
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Table 1 Composition of major elements, ICV, CIA, and MAT values in the mudstones of the Niubao Formation in the study area

Sample ZP-01 ZP-02 ZP-03 ZP-04 ZP-05 ZP-06 ZP-07 ZP-08 ZP-09 ZP-10 ZP-11 ZP-12 ZP-13 ZP-14 ZP-15 ZP-16 ZP-17 ZP-18
Sio, 54.50 47.05 50.70 53.24 58.57 64.45 67.82 60.70 73.10 63.42 50.07 41.12 54.86 50.89 54.01 37.23 52.60 51.01
TiO, 0.69 0.66 069 072 0.68 078 061 073 052 064 076 044 076 065 069 053 058 0.60
Al O, 19.33 17.27 17.04 19.70 14.68 1234 10.02 1643 857 12.10 1791 14.57 17.75 19.16 16.84 12.80 7.83 9.50
TFe,0O; 515 627 617 546 548 367 337 586 376 507 650 440 690 608 569 499 314 376
MnO 0.04 0.07 0.12 007 0.12 0.11 015 006 0.08 0.11 009 0.11 0.06 005 007 0.16 0.12 0.11
MgO 269 436 337 351 316 265 154 259 132 191 348 286 238 349 344 6.16 251 3.08

CaO 363 738 696 408 505 536 647 301 483 583 572 1547 392 348 536 14.17 15.05 1333
Na,O 1.04 081 132 095 125 140 128 1.01 138 182 219 089 087 134 085 095 1.13 125
K,O 396 398 363 388 283 208 1.64 298 109 198 340 3.02 399 38 320 318 136 1.96
P05 0.1s 013 0.17 0.15 015 0.6 0.11 010 008 0.12 015 0.11 013 012 0.09 0.14 0.12 0.12
Lol 874 1133 982 791 810 738 736 656 570 728 941 1636 8.13 1023 9.86 19.26 15.74 14.61
Total 91.18 87.97 90.18 91.75 91.95 93.00 93.00 93.47 9472 9299 90.26 8298 91.63 89.11 90.24 80.31 84.44 84.70
ICcv 097 133 127 105 133 138 128 1.08 142 141 139 116 105 116 1.16 204 183 181

CIA 71.49 71.16 6730 72.83 67.16 6421 62.58 71.44 60.04 59.79 6220 7021 71.17 69.03 72.90 66.04 60.13 60.44
MAT 1479 1199 1379 271 8.11 13.89 1635 1291 1544 1517 1430 432 1533 9.14 1542 550 10.18 10.44

Table 2 Trace element concentration in mudstones of the Niubao Formation (unit in ppm)

Sample ZP-01 ZP-02 ZP-03 ZP-04 ZP-05 ZP-06 ZP-07 ZP-08 ZP-09 ZP-10 ZP-11 ZP-12 ZP-13 ZP-14 ZP-15 ZP-16 ZP-17 ZP-18

Sc 170 164 159 172 135 116 88 145 72 106 178 122 163 164 153 118 81 101
\ 123 131 140 121 95 8 63 100 51 71 120 114 114 121 104 90 58 72
Cr 97 112 110 105 87 106 68 8 66 73 106 63 102 98 92 79 71 80
Co 1.1 169 170 132 149 135 102 134 72 123 178 120 140 150 142 143 95 122
Ni 67 80 61 62 53 58 32 49 30 39 72 46 75 69 62 50 41 56
Cu 31 03 29 27 27 19 31 25 14 30 6 25 21 29 25 24 18 19
Zn 100 9 8 109 8 78 57 93 59 70 8 77 95 8 87 68 43 55
Ga 236 233 222 256 194 155 121 214 104 146 227 191 231 250 216 167 95 121
Y 323 259 254 307 306 274 297 313 237 300 245 233 315 274 304 204 226 231
Zr 141 131 146 153 167 200 203 172 249 217 150 100 153 138 156 107 132 120
Nb 146 141 130 153 144 153 132 156 113 145 129 96 165 141 149 105 115 120
Hf 389 356 382 408 439 522 527 463 637 565 418 295 426 379 430 298 343 3.23
Ta 108 099 092 115 1.08 1.06 097 115 084 109 103 081 126 108 113 081 085 088
Th 2027 1493 1356 1851 1569 1231 1243 1776 1135 1589 12.84 16.65 1851 1730 18.03 11.80 9.54 10.99
U 677 571 404 489 354 324 263 361 274 321 216 549 278 415 322 227 204 223
Rb 194.48 177.27 170.51 193.46 143.62 100.97 85.58 154.31 57.91 107.34 15625 155.66 196.24 192.18 166.07 137.51 64.39 90.66
Sr 188 293 152 144 129 108 140 150 180 150 210 322 260 432 408 387 329 244
Cs 2239 19.19 1391 1521 13.07 596 8.09 1505 449 1116 19.09 1637 20.88 2251 1722 1579 572 8.01
Ba 289 467 255 277 244 219 739 290 173 601 256 261 304 244 360 468 131 166
Pb 326 237 294 200 303 120 183 257 191 349 221 273 247 275 284 221 184 198
4.1 Major elements The results revealed that SiO,, Al,O,, CaO, and Fe,O,

were the predominant components, followed closely by
Major element analyses were carried out on 18 mudstone  MgO and K,O. The concentrations of other components,
samples of the Niubao Formation of the Nima Basin, as such as TiO,, P,Os, and MnO, were generally less than
detailed in Table 1. The total content of major compo- 1.0%.
nents in the mudstone ranges from 80.31 to 94.72 wt.%. The mudstone samples exhibited noticeable variations
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Table 3 REE contents in mudstones of the Niubao Formation (unit in ppm)

Sample ZP-01 ZP-02 ZP-03 ZP-04 ZP-05 ZP-06 ZP-07 ZP-08 ZP-09 ZP-10 ZP-11 ZP-12 ZP-13 ZP-14 ZP-15 ZP-16 ZP-17 ZP-18

Sc 170 164 159 172 135 11.6 88 145 72 106 178 122 163 164 153 11.8 &1 10.1
\Y% 123 131 140 121 95 83 63 100 51 71 120 114 114 121 104 90 58 72
Cr 97 112 110 105 87 106 68 83 66 73 106 63 102 98 92 79 71 80
Co 11.1 169 17.0 132 149 135 102 134 72 123 17.8 120 140 150 142 143 95 122
Ni 67 80 61 62 53 58 32 49 30 39 72 46 75 69 62 50 41 56
Cu 31 34 29 27 27 19 31 25 14 30 62 25 21 29 25 24 18 19
Zn 100 90 84 109 84 78 57 93 59 70 85 77 95 84 87 68 43 55
Ga 236 233 222 256 194 155 121 214 104 146 227 191 231 250 216 167 95 121
Y 323 259 254 30.7 306 274 297 313 237 300 245 233 315 274 304 204 226 231
Zr 141 131 146 153 167 200 203 172 249 217 150 100 153 138 156 107 132 120
Nb 146 141 13.0 153 144 153 132 156 113 145 129 9.6 16.5 141 149 105 115 120
Hf 389 356 382 4.08 439 522 527 463 637 565 418 295 426 379 430 298 343 323
Ta 1.08 099 092 115 108 106 097 1.15 084 109 103 081 126 108 1.13 081 085 0.88
Th 20.27 1493 13.56 1851 15.69 1231 1243 17.76 1135 1589 12.84 16.65 1851 17.30 18.03 11.80 9.54 10.99
U 6.77 571 4.04 489 354 324 263 361 274 321 216 549 278 415 322 227 204 223
Rb 194.48 177.27 170.51 193.46 143.62 100.97 85.58 154.31 57.91 107.34 156.25 155.66 196.24 192.18 166.07 137.51 64.39 90.66
Sr 188 293 152 144 129 108 140 150 180 150 210 322 260 432 408 387 329 244
Cs 2239 19.19 1391 1521 13.07 596 8.09 1505 449 11.16 19.09 1637 2088 2251 1722 1579 572 8.01
Ba 289 467 255 277 244 219 739 290 173 601 256 261 304 244 360 468 131 166
Pb 326 237 294 200 303 120 183 257 19.1 349 221 273 247 275 284 2211 184 198

in their elemental compositions. The SiO, content varied
widely, from 37.23 to 73.10 wt.%, averaging 54.74 wt.%.
Al,O; ranged from 7.83 to 19.70 wt.%, with a mean of
14.66 wt.%. The content of total Fe,O, ranges from 3.14
to 6.90 wt.%, averaging at 5.10 wt.%. The TiO, content
varies between 0.44 and 0.78 wt.%, with a mean value
of 0.65 wt.%. The CaO content spaned from 3.01 to
15.47 wt.%, averaging at 7.17 wt.%. The K,O content is
1.09-3.99 wt.% with an average of 2.89 wt.%. The Na,O
content is in the range of 0.81-2.19 wt.% with an average
of 1.21 wt.%. Additionally, the loss on ignition (LOI)
ranged from 5.70 to 19.26 wt.%, potentially attributable
to organic matter or volatile components.

The ratios of the concentrations of the major elements
in the mudstones to those in the upper continental crust
(UCC) are shown in Fig.3(a). In addition to some
samples being enriched in CaO and K, O, all the samples
exhibited apparent depletion in Na,O, with the remaining
element concentrations plotting near those in the UCC.

4.2 Trace and REEs

The trace element data of the mudstone samples are listed
in Table 2 and have been standardized in relation to the
average UCC values (Taylor and McLennan, 1985;
Fig. 3(b)). The trace element analyses reveal that,
compared with the UCC, the mudstone samples are
significantly enriched in Ni, Zn, Rb, Cs, Th, and U and

depleted in Co, Sr, Ba, Zr, and Hf.

The REE analysis results are presented in Table 3 and
data are plotted in the chondrite-normalized diagram
(Fig. 3(c)). The mudstones have total REE (XREE)
ranging from 124.81 to 204.83 ppm, with an average of
162.34 ppm. the average value is slightly lower than
the post-Archean Australian shale (PAAS) value of
211.76 ppm (Taylor and McLennan, 1985; McLennan
etal.,2006). In terms of chondrite-normalized REE
patterns, the mudstones closely align with PAAS. Light
REEs (LREEs) in mudstones range from 109.76 to
183.43 ppm, while heavy REEs (HREEs) range from
13.86 to 21.40 ppm. Generally, the mudstones exhibit
higher concentrations of LREEs than HREEs. The ratios
of LREEs to HREEs in these samples vary from 7.29 to
9.24, with an overall average of 8.29, indicating relative
enrichment of LREEs in the mudstones. Additionally, the
mudstones exhibit consistent negative Eu anomalies, with
values ranging from 0.59 to 0.70 and an average of 0.65.

4.3 Mineral composition

The high SiO, and low AL, O, contents suggest that clay
minerals are the main mineral component of the
mudstone. The low Na,O concentrations suggest the
minimal presence of plagioclase in the samples (Ross and
Bustin, 2009; Zeng et al., 2020). The high levels of CaO
are likely attributable to the presence of carbonate
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minerals, which are present in the formation of cement
(Ghosh and Sarkar, 2010). Notably, the mudstones exhi-
bit significant correlations between TFe,O; and Al,O,
(R? = 0.847) and K,O (R* = 0.865; Table 4), indicating
the close association of Fe with clay minerals.

The K,0/Al, O, ratio provides valuable insight into the
primary mineral constituents within sediments. A ratio
between 0.2 and 0.3 generally implies the dominance of
illite in the sediment. Conversely, a ratio near 0 is
indicative of sediment enriched with minerals such as
kaolinite, smectite, and vermiculite (Cox etal., 1995;
Zhou et al., 2015; Zengetal., 2020). The K,O/AlLO,
ratios in mudstone vary from 0.13 to 0.25, averaging 0.19
(Table 5). The highest value was obtained for the ZP-16
sample (0.25), and the lowest value was obtained for the
ZP-09 sample (0.13). These data indicate that the ratio
aligns with typical values for clay minerals, suggesting
that illite is the predominant clay mineral present.
Additionally, the notable associations between Sc, V, Zn,
Ga, Rb, and both Al,O; and K,O indicate that these
elements are predominantly related to clay minerals
(Table 4).

5 Discussion

5.1 Sediment maturity and paleoweathering

The index of compositional variability (ICV) can
determine the original character and maturity of
sediments. Generally, ICV value < 1 indicates that the
sample is intensively mature, rich in clay minerals, and
may have undergone recycling or strong weathering
during the first cycle of deposition, while ICV value > 1
indicates that the sample has a low maturity and a low
clay mineral content (Barshad, 1966). For the studied
samples, the ICV values of all the mudstones exhibit

Table 4 Correlation matrix of major and trace elements of the mudstones (* indicates p < 0.05; ** indicates p < 0.01, both suggesting

statistically significant correlations)

ALO, Sio, TiO, TFe,0; MnO  CaO MgO NaO KO PO,  Sc V G Co Ni
ALO, 1
Si0,  —0.618** 1
TiO,  0.502*  —0.089 1
TFe,0;  0.847%%  —0.612%*  0.494* 1
MnO  —-0.516*  —0.151 0391 -0.374 1
Ca0  —0382 0465 —0528% -0315 0.692%* 1
MgO 0390  —0.832*%* 0092 0455 0350 0432 1
Na,0  -0216 0206 0116 —0.078 0174 —0.075 —0.181 1
K,0  0953%* —0.769%* 0433 0.865** —0.347 -0.178 0572* —0318 1
P,O; 0386  —0540* 0432 0303 0284 0154 0.525% 0105 0488* 1
Sc 0.968%*  —0.540% 0.672%* 0.860** —0.551* —0462 0332 —0.111 0.909** 0.424 1
Vo 0.945%F  —0.665%* 0474% 0.829%** —0396 —0.266 0398 —0.197 0.936** 0.506* 0.934** 1
Cr  0701%*  —0317 0.826%* 0.645%* —0427 -0.478* 0292 —0.010 0.677%* 0.563* 0816** 0.754%* 1
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(continued)
ALO;  SiO, TiO, TFe,0; MnO Ca0 MgO Na,0O K,0 P,0; Sc \Y Cr Co Ni

Co  0.685** —0.601** 0.623** 0.810** —0.055 —0.171 0.550* 0.149 0.712** 0.544* 0.760%* 0.763** 0.758** 1

Ni  0.806%* —0.558* 0.704** 0.773** —0.501* —0.288  0.410 —0.142 0.833** 0.454 0.877** 0.819** 0.881** 0.756** 1
Cu 0476* -0.304 0390 0.495* -0.094 -0226 0.168 0.579* 0392 0.278 0.558* 0.477* 0.400 0.610** 0.414
Zn 0.900** —0.327 0.576* 0.722** —0.637** —0.605** 0.159 —0.288 0.801** 0.297 0.897** 0.820** 0.695** 0.542* 0.697**
Ga 0.989** —0.535* 0.549* 0.853** —0.564* —0.475*% 0.322 —0.227 0.925** 0.347 0.974** 0.937** 0.737** 0.698** 0.807**
Rb  0.983** —0.609** 0.484* 0.853** —0.507* -0.371  0.365 —0.327 0.963** 0.372 0.944** 0.931** 0.670** 0.649** 0.799**
Sr 0208 -—0.578* -0.224 0.268  0.021 0.438  0.536* -0.271 0326 -0.159 0.098 0.144 -0.078 0.121 0.245
Nb 0424 0.265 0.779** 0.371 —0.628** —0.809** —0.263 —0.159 0296 0.017 0.530* 0.313 0.595*%* 0.299 0.478*
Cs  0.921%* —0.645** 0.365 0.855%* —0.480* —0.276 0.399 —0.206 0.921** 0.247 0.870** 0.835*%* 0.519* 0.595%* 0.760%**
Ba -0.047 0.089 -0.108 0.019 0301 —0.102 0.025 -0.006 —0.012 -0.152 —0.085 -0.097 —0.168 0.030 —0.198
Th 0.766%* —0.199 0.301 0.557* —0.681** —0.542* —0.063 —0.413 0.652** —0.024 0.695** 0.618** 0.326 0.220 0.459
U  0.610¥* -0.296 -0.015 0.272 -0.463 —0.214 0.050 -0.432 0.568* 0.204 0.512* 0.631** 0.309 0.128 0.381
Zr  —0.458 0913** —0.050 —0.395 -0.164 —0.589* —0.705** 0.304 —0.624** —0.471* —0.394 —0.519* —0.193 —0.420 —0.485*
Hf —-0.402 0.894** —0.025 -0.343 —0.214 —0.625** —0.710** 0.304 -0.578* —0.491* —0.341 —0.477* —0.174 —0.392 —0.445
Yb 0.556* 0.197 0.564* 0.448 —0.635%* —0.833** —0.322 -0.143 0.387 —0.024 0.602** 0.428 0.430 0.269 0.375
>REE 0.766** —0.154 0.478* 0.539* —0.684** —0.617** —0.027 —0.475* 0.672** 0.121 0.745** 0.651** 0.507* 0.291 0.566*
LREE 0.786** —0.189 0.469* 0.557* —0.681** —0.598** 0.005 —0.489* 0.697** 0.131 0.758** 0.672** 0.516* 0.306 0.582*
HREE 0.471* 0.221 0.511* 0.284 —0.623** —0.730** —0.357 -0.271 0.328 -0.003 0.510* 0.345 0.357 0.099 0.330

Cu Zn Ga Rb Sr Nb Cs Ba Th U Zr Hf Yb YREE LREE HREE

AlLO,

SiO,

TiO,
TFe,0,4

MnO

CaO

MgO

Na,O

K,0

P,0;

Sc

\Y%

Cr

Co

Ni

Cu 1

Zn  0.333 1

Ga 0455 0.932** 1

Rb 0370 0.898** 0.977** 1

Sr  —0.079 -0.125 0.131 0.212 1

Nb  0.080 0.647** 0.511* 0.465 —0.325 1

Cs  0.485*% 0.748** 0.886** 0.927** 0.399 0.320 1

Ba 0.235 -0.036 -0.053 —0.012 -0.080 0.109 0.071 1

Th  0.122 0.845%*% 0.779** 0.811** 0.032  0.604** 0.742** (0.085 1

U 0.087 0.631** 0.594** 0.616** —0.039  0.181  0.532* 0.007 0.668** 1

Zr  —0.139 —0.155 -0.373 —0.472* —0.593** 0.299 —0.514* 0.219 -0.117 —0.256 1

Hf -0.097 -0.099 -0.318 -0.417 -0.578* 0330 —0.449 0.233 —0.054 -0.234 0.995** 1

Yb 0235 0.759%* 0.625%* 0.594** -0.356 0.868** 0.487* 0.205 0.820** 0393 0.279 0.328 1

YREE 0.127 0.904** 0.799** 0.813** —0.124 0.735%* 0.692** 0.085 0.941** 0.701** —0.095 -0.044 0.860** 1

LREE 0.128 0.914** 0.816** 0.831** —0.098 0.715** 0.710** 0.075 0.941** 0.714** —0.124 -0.072 0.840%** 0.999** 1
HREE 0.096 0.687** 0.526* 0.529* -0.369 0.840** 0.417 0.179 0.809** 0.477* 0.211 0.248 0.952** 0.880** 0.857** 1
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Table 5 Ratios table of selected major and trace elements of the mudstones

Sample  ZP-01 ZP-02 ZP-03 ZP-04 ZP-05 ZP-06 ZP-07 ZP-08 ZP-09 ZP-10 ZP-11 ZP-12 ZP-13 ZP-14 ZP-15 ZP-16 ZP-17 ZP-18 Average Max Min
K,0/ALO; 020 023 021 020 0.19 0.17 0.6 018 0.3 0.16 019 021 022 020 0.19 025 0.17 021 0.9 025 0.13
SiO/ALO; 2.82 273 298 270 399 522 677 3.69 853 524 280 282 3.09 266 321 291 671 537 412 853 2.66
K,0/Na,0 381 4.89 275 4.06 227 148 128 294 079 1.09 155 341 459 288 378 333 120 1.57 265 489 0.79
AlL,0y/TiO, 27.98 26.36 24.70 27.20 21.75 15.92 16.40 22.57 16.42 18.82 23.50 32.89 23.27 29.71 24.44 24.15 13.55 15.84 22.53 32.8913.55
St/Ba 0.65 0.63 0.60 052 0.3 049 0.19 052 1.04 025 082 123 086 177 1.13 083 252 147 089 252 0.19
St/Cu 6.01 8.65 516 535 471 557 449 593 13.04 495 3.38 12.85 12.38 14.74 16.51 16.04 18.71 12.89 9.52 18.71 3.38
V/Cr 127 117 127 115 1.10 079 093 122 077 098 114 181 1.13 123 1.13 114 082 089 111 181 0.77
Ni/Co 6.02 474 3.61 474 355 427 3.16 3.67 420 3.16 4.03 3.81 536 4.62 441 351 427 458 420 6.02 3.16
Th/Sc 1.19 091 085 1.08 1.16 1.06 141 123 158 1.50 072 136 1.14 1.05 1.18 1.00 118 1.09 115 1.58 0.72
Zr/Sc 831 7.96 9.14 890 12.42 17.19 22.92 11.86 34.72 20.43 843 8.19 939 838 1023 9.11 16.40 11.86 13.10 34.72 7.96
Co/Th 0.55 113 125 071 095 1.10 082 075 0.64 077 138 072 076 087 079 121 100 LIl 092 138 0.55
La/Sc 2.50 233 210 245 272 2.87 346 275 378 3.08 170 280 246 224 248 257 3.8 276 268 3.78 1.70
Ti/Zr 32.22 34.17 31.52 30.97 26.30 24.95 19.44 27.18 13.27 19.15 33.77 32.00 32.67 31.49 29.27 36.93 31.01 35.47 28.99 36.9313.27
more than 1, except sample ZP17-01, which has an ICV 10.0
value of 0.97 (Table 1). Based on these values, it can be Felsic rock ////'
inferred that the rocks have a minimal clay content and  Sedimentary
the sediment is compositionally immature. 1.0¢ recycling
The SiO,/Al,O; ratios depend on sediment recycling & (Zircon addition)
and weathering processes, indicating sediment maturity. @ o1l & &
The average ratio of SiO,/Al,O, greater than 5.0 indicates = Qoéiq'?@
progressive maturity sediment (Potter, 1978; Roser et al., e o Samples
1996; Madukwe et al., 2016; Shekhar et al., 2018). The 0t
Si0,/Al,05 ratios of our samples vary from 2.66 to 8.53 Basalt
(Table 5), indicating an intermediate maturity level, 0 . .
which can be compared with the ICV values. 0.1 1 10 100 1000
Alternatively, the Th/Sc and Zr/Sc ratios are further Zr/Sc

used to infer the degree of sedimentary recycling
(McLennan et al., 1995; Bai et al., 2015; Qiu et al., 2015;
Chen et al., 2020). As recycling progresses, there is a
notable increase in Zr/Sc, while Th/Sc remains stable
(McLennan et al., 1993; Lietal,2022a). The Th/Sc
ratios in our samples range from 0.72 to 1.58 while the
Zr/Sc ratios range from 7.96 to 34.72 (Table5). As
shown in the Zr/Sc-Th/Sc diagram (Fig. 4), the data spots
corresponding to all mudstones are relatively concen-
trated and exhibit a weak sedimentary recycling trend,
which suggests insignificant recycling with an initial
depositional environment.

The chemical index of alteration (CIA) has been
commonly used to estimate the intensity of chemical
weathering in the source region (Nesbittand Young,
1982). The formula can be shown as CIA = [AL,O; /
[AL,O; + CaO* + Na,0 + K,0] x 100, with all the
elements expressed in molecular percentages. Here, CaO*
represents the amount incorporated in the silicate fraction
of the rock, defined as CaO* = CaO-10/3 x P,Oq
(McLennan et al., 1993). The CIA values between 50 and
60 represent a low degree of chemical weathering in cold,
dry climates. A range of 60—80 indicates moderate
weathering, which is typical of warm, humid conditions.
Finally, values ranging from 80 to 100 represent intense

Fig. 4 Diagram of Zr/Sc versus Th/Sc for the mudstone samples.

weathering observed in hot, humid tropical-subtropical
climates, indicating that the parent rock has undergone
substantial weathering (Nesbitt and Young, 1982; Fedo
etal., 1995; Bock et al., 1998; Xu and Shao, 2018). The
CIA values of the mudstone samples are given in Table 1.
They range between 59.79 and 72.90 with an average of
66.70, indicating that the Niubao Formation mudstones
suffered from low to moderate weathering. As depicted
on the A-CN-K (Al,0;-Ca0 + Na,0-K,O) ternary
diagram, the mudstone samples show an evolution trend
from the upper crust to kaolinite along the A-CN axis
(Fig. 5). Even though the samples also deviate from the
ideal weathering trend (IWT) and are inclined toward
illite, which could be attributed to K-metasomatism
during diagenesis (Fedo et al., 1995; Michalopoulos and
Aller, 1995), the subtle divergence of samples implies a
weak diagenetic impact (Ma et al., 2015).

5.2 Paleoenvironmental conditions

5.2.1 Paleosalinity and paleoclimate

The Sr/Ba ratios are a diagnostic indicator for
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Fig.5 A-CN-K ternary plot and associated chemical index of
alteration (CIA) variation. Dashed lines represent the ideal weathering
trends of tonalite, granodiorite, and granite, respectively (Fedo et al.,
1995).

determining paleosalinity and paleoclimate variations.
High Sr/Ba ratios, typically above 1.0, signify water
columns with high salinity prevalent in arid climatic
settings, whereas values less than 0.5 represent water
columns with low salinity associated with humid climatic
conditions (Meng et al., 2012; Fuetal., 2016; Wang
etal., 2017a). Among the analyzed samples, six samples
had values more than 1, while two samples had values
less than 0.5 (Table 5; Fig. 2), potentially highlighting
variation in paleosalinity over time and the transient dry
and humid climate change of the sedimentary environ-
ment. In addition, Sr/Cu ratios less than 5.0 are indicative
of humid climate conditions, whereas those exceeding 5.0
are characteristic of arid climate conditions (Lerman,
1989; Mengetal.,, 2012; Jiaetal.,2013; Liangetal.,
2014; Cao et al., 2015; Fuetal., 2016, 2018). The Sr/Cu
ratio was close to 5.0 for four samples, over 5 for all other
samples, and greater than 12 for most of the samples,
indicating relatively dry climate conditions (Table 5).
Certain elements, such as V, Co, and Cu, are recog-
nized as redox-sensitive and commonly accumulate in
anoxic sediments (Algeo and Maynard, 2004; Tribovillard
etal., 2006; Lézin etal., 2013; Ayinla et al., 2017). Key
trace element ratios, such as V/Cr and Ni/Co ratios, are
reliable indicators of redox conditions. The V/Cr ratios,
which typically increase with decreasing oxygen content
in a water column, can be used to classify environments:
ratios less than 2.0 suggest oxic conditions, those between
2.0 and 4.25 indicate dysoxic conditions, and values
above 4.25 signify anoxic conditions (Jones and
Manning, 1994). The V/Cr ratios of the mudstones
fluctuate from 0.77 to 1.81 (Table 5; Fig. 2), indicating
oxic conditions. Similarly, Ni/Co ratio values less than
5.0 indicate an oxidizing environment, values between
5.0 and 7.0 suggest suboxic to dysoxic conditions, and
values over 7.0 indicate reducing conditions (Jones and
Manning, 1994). Our mudstone samples have Ni/Co
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ratios between 3.16 and 6.02 (Table 5; Fig. 2), further
supporting oxic conditions during deposition.

5.2.2 Mean average temperature (MAT) calculation

Chemical weathering processes are significantly influe-
nced by climatic factors (Nesbitt and Young, 1982). In
the weathering of granitic bedrock soils, the sodium
depletion fraction index (tNa) effectively indicates
terrestrial chemical weathering intensity (Gaillardet et al.,
1999;  Anderson et al., 2002; Rasmussen et al., 2011;
West, 2012; Garzanti et al., 2013). The intensity of
chemical weathering in the topsoil of weathered granite
bedrock shows a positive correlation with the mean
annual surface temperature (MAT) in modern non-glacial
areas (Yangetal, 2016). The empirical equation can
express this relationship: MAT = —24.2tNa—0.9 (= =
0.84, P < 0.0001). Four specific criteria must be
considered before employing this equation. First, annual
precipitation should range between 400 mm and 4000
mm, avoiding extreme aridity or excessive humidity
conditions. Secondly, the source rock should be felsic
igneous rocks. Thirdly, the physical erosion rate should
be 2-100 m/m.y. Fourthly, sorting and sedimentary
recycling processes during transport need to be compa-
ratively weak, and finally, diagenetic processes should be
minimal.

Evidence from late Eocene fossils suggests the
presence of tropical to subtropical climates (Fang et al.,
2020). The diagram of Zr vs TiO, for the samples points
out that the mudstones predominantly originate from the
felsic igneous rocks source area (Fig. 6(b)). Furthermore,
the erosion rate in the central regions of the plateau
during the Eocene (~45 Ma) was below 50 m/m.y
(Rohrmann et al., 2012). It is coupled with weak
recycling effects (Fig. 4) and the absence of diagenetic
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Fig. 6 (a) Diagram of Al,O; versus TiO, for the mudstone samples.
(b) Diagram of Zr versus TiO, for the mudstone samples.
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alteration minerals, which conform to the application
conditions of the empirical formula. Using granite and
granodiorite as the original rock (Chi, 2007), the T™Na of
18 mudstone samples spans from 0.93 to 2.42 with an
average of 1.34. These results suggest that the average
land surface temperature during the late Eocene is
estimated to be 11.64°C + 4.19°C (Table 1; Fig. 2).

The carbonate formation temperature of paleosol
carbonates derived from clumped isotope analysis can
represent the surface temperature during formation
(Ghosh et al., 2006). The carbonate formation tempera-
tures in the upper member of the Niubao Formation range
between 10.1°C and 12.9°C, with an average of 11.9°C
and a standard deviation of 2.8°C (Xiong et al., 2022).
Ingalls etal. (2020) interpreted the 7(A47) values of
~30°C to 36°C in soil carbonate in the late Eocene to
Oligocene upper Niubao Formation in the Lunpola Basin
as the maximum possible surface temperature during
summer. It has been shown that terrestrial soil carbonates
recorded T(A47) values approximately 18°C warmer than
MAT at midlatitudes during the Paleocene-Eocene (Snell
et al., 2013). Thus, the findings suggest an annual average
temperature of 12°C to 18°C during the late Eocene to
Oligocene.

The numerical climate modeling and proxy thermal
regimes yield consistent results, indicating a shift toward
a drier and cooler climate in central Xizang during the
mid-late Eocene (Su et al., 2019; Chen et al., 2021; Zhang
etal., 2022). The presence of multiple animal fossils
alongside a diverse grass community, palms, and a
variety of other woody species suggests the existence of a
subtropical open woodland ecosystem, with an estimated
dry bulb mean annual temperature of ~15.6°C (Deng
etal.,, 2012; Wu etal., 2017; Wang et al., 2018b; Mao
etal., 2019; Del Rio et al., 2020; Xu et al., 2022; Zhang
etal., 2022).

In summary, the paleotemperature inferred from the
geochemical proxies in mudstones in the Nima Basin is in
concordance with the results obtained from paleonto-
logical and isotopic investigations, providing support for
the hypothesis that the central plateau exhibited a cooler
climatic regime during the late Eocene.

5.3 Source lithotypes and tectonic setting

5.3.1 Source lithotypes

The REE parameters are relative to the sources of
sedimentary rocks due to their high stability during
weathering, erosion, and early diagenesis (McLennan
et al., 1995; Bock et al., 1998; Asiedu et al., 2000; Cullers
and Podkovyrov, 2000; Kasanzu et al., 2008; Armstrong-
Altrin et al., 2009). Generally, negative Eu anomalies
reflect felsic rocks, whereas minimal or no Eu anomalies
mainly indicate mafic rocks (Roddaz etal., 2006;
Kasanzu et al., 2008; Armstrong-Altrin et al., 2017). The
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distribution patterns of mudstone samples chondrite-
normalized REEs are relatively consistent, indicating that
the mudstones originated from the same source. The REE
profiles of the mudstones also exhibit significant negative
Eu anomalies (Fig. 3(c)), strongly indicating that the
mudstones were derived from felsic rocks. Additionally,
the REE exhibit a negative correlation with CaO (R? =
0.617; Table 3), indicating that the REE concentrations in
the mudstone samples are predominantly controlled by
terrigenous material (Zeng et al., 2020).

The geochemical compositions of detrital deposits
provide vital insights into their provenance (Wesolowski,
1992; Ayers and Watson, 1993; Cullers and Podkovyrov,
2000; Verma and Armstrong-Altrin, 2013, 2016;
Armstrong-Altrin et al., 2013, 2015a, 2015b, 2017,
Madhavaraju, 2015). The Al,0,/TiO, ratio in clastic
sediments is widely considered an effective indicator of
the lithology of sedimentary source rocks. Mafic rocks
have Al,0,/TiO, ratios ranging from 3 to 8, intermediate
rocks have ratios ranging from 8 to 21, and felsic rocks
have ratios ranging from 21 to 70 (Hayashi et al., 1997;
Armstrong-Altrin et al., 2015a, 2017; Zhou et al., 2015;
Moradi et al., 2016; Verma and Armstrong-Altrin, 2016;
Wang et al., 2017b). The ratios of our samples range from
13.55 to 32.89, averaging 22.53 (Table 5; Fig. 6(a)). Most
samples exhibit values characteristic of felsic rocks, while
only six samples display values associated with
intermediate rocks. Similarly, the TiO,/Zr ratio can be
used to investigate the origin of sediments. A TiO,/Zr
ratio up to 200 suggests that the sediments originated
from the erosion of mafic rocks. Alternatively, ratios
between 55 and 200 are indicative of intermediate
igneous rock sources, and ratios less than 55 are indica-
tive of felsic igneous rock sources (Hayashi et al., 1997,
Zeng et al., 2020; Kirubakaran et al., 2023). The Zr-TiO,
graph (Fig. 6(b)) and the Al,O; vs TiO, (Fig. 6(a))
diagram for the mudstone samples indicate a predomi-
nance of felsic igneous source rocks and subordinate
intermediate igneous source rocks.

The Co/Th ratio is a distinctive indicator of felsic
versus mafic sources, as felsic rocks typically exhibit
lower Co/Th values than mafic rocks (Amorosi et al.,
2002; Cullers, 2002). Our collected samples feature
Co/Th values between 0.55 and 1.37, which are notably
lower than the benchmarks of the UCC (1.65) and PAAS
(1.37), suggesting a predominantly felsic source (Table 5;
Ma et al., 2015). Similarly, the La/Sc ratio has been
recognized as a reliable source composition indicator
(Floyd and Leveridge, 1987; Condie, 1993; McLennan
etal., 1995; Gu et al., 2002; Ma et al., 2015). T he La/Sc-
Co/Thplot (Fig. 7(a)) reveals that the samples are predomi-
nantly concentrated between granodiorite and adamellite.
Additionally, on the Zr/Sc-Th/Sc plot (Fig. 7(b)), the
majority of the data plot in the felsic source area.

In conclusion, geochemical results suggest that the
mudstones of the Niubao Formation predominantly
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Fig. 7 (a) Diagram of La/Sc versus Co/Th for the mudstone samples. The various igneous rock data were extracted from Condie

(1993). (b) Diagram of Hf - versus - La/Th for the mudstones.

originated from the source area of felsic rocks with
abundant felsic igneous rocks and minor intermediate
igneous rocks.

5.3.2 Tectonic setting

The geochemical characteristics of sedimentary rocks
could reveal the composition and tectonic setting of
source rocks (Bhatia and Crook, 1986; Roser and Korsch,
1988). Clastic sediments from various tectonic environ-
ments can exhibit unique terrane-specific imprints,
leading to diverse geochemical compositions (Roser
et al., 1996; Bai et al., 2015).

The discriminant function diagram illustrates the
mudstones plotted in the collision area (Fig. 8; Verma and
Armstrong-Altrin, 2013). The La-Th-Sc plot (Fig. 9(a))
shows that most of mudstone samples cluster within and
near the edges of the continental island arc field. In the
Th-Sc-Zr/10 plot (Fig. 9(b)), there is an observable spread
of sample points, with most of them positioned in the
continental island arc and a few scattered within the
passive margin. The Th-Co-Zr/10 diagram (Fig. 9(c))
displays some mudstone samples within the continental
island arc field, while others gravitate toward the bounda-
ries of the active continental margin. In addition, the
mudstones have high XREE values (124.81-204.83 ppm),
(La/Yb), ratios (8.47—10.99), and negative Eu anomalies

La Zr/10

(Euw/Eu* values ranging from 0.59 to 0.70) reinforce the
conclusion of the continental island arc (Bhatia and
Crook, 1986; Table 4).

5.4 Provenance interpretation

As an intermontane basin proposed by previous work, it
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Fig. 8 Discriminant function diagram illustrating the tectonic setting
of the Niubao Formation (Verma and Armstrong-Altrin, 2013). DF1 =
(0.608 x In(TiO,/Si0,)) + ( — 1.854 x In(Al,04/8i0,)) + (0.299 x
In(Fe,04/Si0,)) + ( 0.550 In(MnO/Si0,)) + (0.120
In(MgO/Si0,)) + (0.194 x In(CaO/SiO,) + ( — 1.510 x In(Na,0/SiO,) +
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is reasonable to speculate that the neighboring geological
units fed the Niubao Formation in the Nima Basin,
namely the southern Qiangtang, the northern Lhasa, and
the BNSZ (Rowley etal., 2015; Mi etal., 2018; Han
etal.,2022), which are characterized by widely
distributed pre-Cenozoic felsic and intermediate igneous
rocks, particularly Cretaceous and Jurassic in age
(Chapman and Kapp, 2017). According to the detrital
zircon U-Pb age distributions of the Niubao Formation,
zircons originating from these igneous rocks are the
predominant components of the distinct peaks (Kapp
et al., 2007; Donaldson et al., 2013; Zhuetal., 2017; Li
etal., 2022b; Liuetal,, 2023). Several representative
intrusive and volcanic rocks are compared to the trace
elements and REE of the mudstone samples (Lee et al.,
2012; Lietal, 2013; Wang et al., 2014b; Li et al., 2016;
Yan et al., 2016; Chen et al., 2017; Huetal., 2017; Liu
etal., 2017). Figure 10(a) displays that the Cretaceous
and Jurassic granodiorites from Amdo and the southern
Qiangtang, along with the mudstone samples, show
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Fig. 10 (a) Diagram comparing the upper continental crust-
normalized rare elements (REEs) of mudstones from the Nima Basin
with those of their source igneous rock. (b) Diagram comparing the
chondrite-normalized rare earth element of mudstones from the Nima
Basin with those of their source igneous rock (data from Lee et al.
(2012): the Cretaceous volcanic rocks in the northern Lhasa. Li et al.
(2013): the Cretaceous Abushan volcanic rocks in the southern
Qiangtang. Wang et al. (2014b): the Cretaceous andesites and dacites in
the northern Lhasa. Li et al. (2016): the Late Jurassic granodiorites in
Kanggiong. Yan et al. (2016): the Early-Middle Jurassic Calc-alkaline
granodiorite in Amdo. Chen et al. (2017): the Late Cretaceous alkaline
andesites in Amdo. Hu et al. (2017): the Early Cretaceous granodiorites
in Zigetang Co. Liu et al. (2017): the Early Cretaceous mica granites in
Amdo).
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enrichment in Th and U elements relative to the upper
crust. In contrast, the volcanic rocks on the west side of
the Nima Basin do not show similar enrichment. In
addition, the REE concentrations in the volcanic rocks
from the west of the Nima Basin are lower than in the
mudstone samples (Fig. 10(b)), suggesting that the
volcanic rocks on the west side of the Nima Basin are
unlikely geochemically related to the mudstones. Beyond
that, the abundance of limestone clasts in the
conglomerates of the Niubao Formation is indicative that
the extensively distributed Mesozoic marine strata of the
southern Qiangtang and northern Lhasa terranes also
contributed an enormous amount of debris to the Niubao
Formation (Han et al., 2019; Kong et al., 2019; Liu et al.,
2023).

5.5 Palacogeography of the drainage basin and
implications for the landscape evolution

The increasing amount of quantitative paleoaltitude data
sets based on various methods suggests a lowland valley
with an elevation of 2—3 km during the Eocene, which
ran between the highlands of the Gangdese arc (Currie
et al., 2005; Ding et al., 2014; Currie et al., 2016) to the
south and the central Qiangtang terrane to the north (Zhu
etal., 2013, 2015; Wuetal., 2017; Suetal., 2019; Fang
et al.,, 2020; Ding etal., 2022; Li etal., 2022c; Xiong
et al., 2022; Bi et al., 2023). However, the west of central
Xizang was near sea level during the late Eocene (Wei
et al., 2016). Apatite fission track studies suggest that the
Amdo area, a few hundred kilometres east of the Nima
Basin, underwent rapid cooling in the early Cretaceous
times (ca. 110 Ma; Bietal., 2023; Lu et al., 2024). Low
temperature thermochronological data demonstrated that
the west of the Nima Basin did not experience rapid
cooling until the late Cretaceous (ca. 70 Ma; Xue et al.,
2022). On the basis of the differential cooling history, it is
possible that the land surface uplift in the eastern portion
of central Xizang commenced prior to that in the western
portion, thereby establishing an elevation gradient from
eastern highlands to western lowlands. The -early
Cenozoic sedimentary basins along the BNSZ accumulate
several kilometres thick of fluvial-lacustrine sediments
and show great similarities in sedimentary structural
characteristics and sedimentary facies. It could be
inferred that these basins may have been interconnected
(e.g., Maetal., 2015; Han et al., 2019). Furthermore, the
westward direction of paleocurrents in the Lunpola and
Bangoin basins suggests the possibility of a drainage
system extending from east to west across the central part
of the Xizang Plateau (He et al., 2012; Ma et al., 2015;
Han et al., 2019). Hence, a westward drained source-to-
sink system likely developed since the Cenozoic. In this
geomorphologic pattern, it makes more sense that the
mudstones of the Nima Basin have a stronger affinity for
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the igneous rocks to their east.

6 Conclusions

The geochemical analysis of the late Eocene of the
Niubao Formation was undertaken to study the
paleoclimate conditions, provenance, and tectonic
settings. The main conclusions are summarized as follow.

1) The Niubao Formation mudstones are characterized
by high contents of SiO,, Al,0;, and CaO and are
primarily composed of clay minerals.

2) The mudstone samples have a total rare earth
element (XREE) content of 124.81-204.83 ppm. They
exhibit a higher proportion of light rare earth elements
(LREEs) compared to heavy rare earth elements (HREEs)
and display notable negative Eu anomalies.

3) The sediment is first recycled and compositionally
immature. The CIA values (59.8—72.9) indicate that the
source area of the Niubao Formation experienced
moderate chemical weathering.

4) The mudstones were deposited in an oxidizing and
arid depositional environment with a mean annual
temperature (MAT) of 11.64°C = 4.19°C, reflecting a
cool environmental conditions in central Xizang during
the late Eocene.

5) The mudstones were predominantly derived from
felsic and intermediate igneous rocks that originated in a
continental island arc setting. Igneous rocks from the
north, south, and east of the Nima Basin contributed
significantly to the composition of these mudstones.

6) Combining data of paleoaltimetry and low tempera-
ture thermochronology, the geochemical characteristics of
the Niubao Formation suggest the possible development
of a westward-draining source-to-sink system since the
Cenozoic.
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