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Since the Cenozoic, the earth entered a period of relatively active tectonic
movement, which led to significant environmental and climatic shifts, including
inland drought in Asia, global cooling, and the formation of the Asian monsoon.
The Asian aridification has a far-reaching impact on the human living
environment, and so do the climate changes in China. The beginning,
strengthening, and ending times of the inland drought in Asia have been a
long-concerned issue. Therefore, it is necessary to reveal the starting time,
evolution process, and underlying driving mechanisms. Because of its unique
topography and geographical location, the Qinghai-Tibet Plateau is known as
the “"starter” and “amplifier” of global climate change. It is a key area and an ideal
“laboratory” for long-time scale climate change. Located in the central-eastern
part of the Qinghai-Tibet Plateau, the Nanggian Basin is not only the
confluence area of major monsoons and westerly winds but also the
boundary between humid and arid areas. Moreover, the Nanggian section in
the basin has a long continuous sedimentary sequence, making it a good carrier
for long-time scale climate change research. In this study, biomarkers and total
organic carbon (TOC) in the sedimentary strata of the Nanggian Basin in the
central-eastern Qinghai—Tibet Plateau were used to reconstruct the
paleoclimate and paleovegetation evolution history over the time interval of
51.8-37.5Ma. According to the climatic index of the Nanggian Basin, the
climate evolution history can be divided into three stages. Stagel: during
51.8-46.4 Ma, the depositional environments at this stage were mainly a
braided river and an ephemeral shallow pond/lake environment. Also, the
value of CPl, 8%C,_.kaness and total organic carbon (TOC) was low;
meanwhile, ACL value increased with nC,,/nCs; decrease, and these obvious
change trends might be affected by the mixing of terrestrial sediments brought
by rivers. The main peak carbons were nC,, and nCs3, the vegetation type was
predominantly woody plants, and the climate was relatively humid. Stage Il
during 46.4-42.7 Ma, Pag and nC,7/nCs; values decreased gradually, and ACL,
8Chalkanes, and CPI values increased slowly. Also, the main peak carbon
number changed from low to high, and the vegetation type varied from
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woody to herbaceous. All these proxies displayed that the climate became more
arid. Stage Ill: during 42.7-37.5 Ma, Paq, ACL, and nC,7/nCs; values did not vary
too much, §%C,,_akanes Values increased slightly, and ACL values decreased
slightly, while the main peak carbon number, TOC, and CPI increased
significantly, indicating that the climatic conditions continued to get dryer,
which may have been affected by the MECO events. In addition, through the
comparative study of the climate evolution history of the Eocene in the
Nanggian Basin reconstructed by the multi-index system, together with the
climate change in the adjacent area, the retreat process of the Paratethys Sea,
the global deep-sea oxygen isotopes, and the global atmospheric CO,
concentration, it is considered that the Eocene climate change in the
Nanggian Basin is mainly affected by the global climate change and the
retreat of the Paratethys Sea. The uplift of the Qinghai—Tibet Plateau and
the increase of altitude have little influence on the water vapor of the
Nanggian Basin, and the basin was rarely affected by the South Asian monsoon.
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1 Introduction

With the collision between the Eurasian plate and the Indian
plate during the Paleocene—Eocene, the Qinghai-Tibet Plateau
uplifted into the largest plateau with the highest elevation in the
world (Fielding et al, 1994). At present, the Qinghai-Tibet
Plateau is about 2,800 km long from east to west and
300-1,500 km wide from north to south. Also, it covers a total
area of 2.5 million square kilometers, nearly accounting for about
25% of China’s total area. The Qinghai-Tibet Plateau with an
average elevation above 4,000 m covers an area of 1.22 million
square kilometers, making it known as the “third pole of the
world.” The Qinghai-Tibet Plateau receives intense solar
radiation due to its large area, low relative latitude, and high
altitude. Due to these special reasons, the Qinghai-Tibet Plateau
can absorb water from the Indian Ocean to the north in summer,
while the mid-latitude atmospheric jet stream from the
northwest exerts a strong influence on the plateau
environment in winter. In addition, due to the high altitude
and cold climate conditions (annual average temperature <4°C),
the ecological environment of the Qinghai-Tibet Plateau is
fragile and the response to climate change is more intense
than that of most regions on Earth (Liu et al., 2009).

Because of its unique topography and geographical position,
the Qinghai-Tibet Plateau is known as the “starting motor” and
“amplifier” of global climate change. It is a key area of global
change research and an ideal “laboratory” for long-term climate
change research and has become the focus of attention of
geoscientists all over the world. The climate change on the
Qinghai-Tibet Plateau during the Cenozoic has triggered
many discussions and is an important part of climate change
in Central Asia. The study of climate change on the
Qinghai-Tibet Plateau is an indispensable process for
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understanding the generation and development of Asian
aridity and monsoon and is also of great significance to the
understanding of marine chemistry and global climate change
(Raymo et al., 1988; Ruddiman and Kutzbach, 1991; Edmond,
1992; An et al,, 2001; Molnar, 2005; Harris, 2006).

Due to the lack of long and continuous deposition, previous
studies on the climate evolution of the Qinghai-Tibet Plateau
over the Cenozoic were mostly focused on the late Cenozoic. In
addition, studies on the climate evolution of the Qinghai-Tibet
Plateau are mostly concentrated on the northeast, central, and
southern parts of the Qinghai-Tibet Plateau (Sorrel et al., 2017;
Yuan et al., 2016; Miao et al., 2016; Su et al., 2018; Wei et al.,
2017), while there are few studies on the long-term climate
change in the Nangqian Basin in the central-eastern part of
the Qinghai-Tibet Plateau. Moreover, the methods like
palynology and clay minerals were mainly used in the analysis
(Yuan et al., 2016; Zhao et al.,, 2020), supplemented grain size
analysis, and sedimentary changes (Yuan et al., 2020; Fang et al.,
2021). However, the original biological information recorded by
biomarker compounds can be verified by multiple indicators
from various angles, so as to more accurately reflect the
evolutionary history of palaeovegetation and palaeoclimate in
the study area. The Nangqian Basin profile selected for this study
has a long continuous sedimentary sequence and is an ideal
sedimentary profile for studying the climatic evolution of the
whole Eocene. In addition, Zhang et al. (2020) used magnetic
stratigraphy and determined the age model of the Nangqian
Basin profile, which laid an important foundation for the
reconstruction of the Nangqian Basin climatic conditions and
vegetation evolution (Zhang et al., 2020).

Biomarker compounds are derived from organisms and
retain the basic carbon skeleton of organic compounds
inherent in organisms, with advantages such as good stability,
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FIGURE 1
Geographical location map of the Nanggian Basin.

long preservation time, and wide application range (Xie et al.,
2003a). n-alkanes extracted from plant leaf waxes can be
preserved in sediments for a long time, and thus, can record
palaeovegetation change information (Zhang et al, 2006). At
present, the use of biomarkers has become an important method
The
reconstruction of the paleoclimate environment by biomarker

to reconstruct paleoclimate and paleoenvironment.

compounds has been widely applied in marine sediments, lakes,
peat sediments, and loess-paleosol (Cranwell et al., 1987; Xie
et al, 2003b). The reconstruction of paleoclimate and vegetation
evolution using biomarkers in the Nanggian Basin in the central
and eastern part of the Qinghai-Tibet Plateau is still absent. In
this study, biomarkers, TOC, and carbon isotope 8"C of n-
alkanes from the sediments of the Nanggqian Basin in the central-
northeastern Qinghai-Tibet Plateau were used to reconstruct the
paleoclimate and paleovegetation evolution history during
51.8-37.5Ma. Our
evidence for clarifying the Paleocene climate evolution in the
central-east Qinghai-Tibet Plateau.

study provides important geological

2 Study area

The Nangqian Basin is located at the junction of Qinghai
Province and the Tibet Autonomous Region, northeast of the
central area of the Qinghai-Tibet Plateau, it is the tectonic
transition and bending part of the Qinghai-Tibet Plateau; the
regional tectonic activity changes from east-west to north-south
as well. The basin, with an average elevation of about
4,500-5,000 m, was formed by the Paleogene compression
process after the Indo-Asian plate collision (Horton et al,
2002). The Nangqian Basin belongs to the Qiangtang Block,
which is bound by the Jinsha Suture and Songpan-Ganzi Block in
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the north and Bangong-Nujiang Suture and Lhasa Block in the
south, at 32°00" N - 32°20’ N and 96°15' E - 96’45’ E, respectively
(Figure 1). The study area has a continental monsoon climate,
with long cold winters and short rainy summers. The climate is
cool and the annual precipitation mainly concentrates from June
to September. At the same time, the basin and its adjacent areas
are also a key part of the reorganization of large river systems, the
evolution of monsoons, and biodiversity (Su et al., 2018).

The sedimentary facies gradually developed from braided
river and alluvial fan to ephemeral pool/lake environment and
finally evolved into brackish lake deposits. At the same time, this
succession also reflects that the deposition in the early stage of the
Nanggqian Basin was influenced by the Jinsha Suture caused by
the collision and compression of the Indo-Asian Plate, and the
overall climatic conditions gradually became arid. The
sedimentary environment of such saline lakes was generally
well developed in the semi-arid area of northwest China
during the Upper Quaternary (Fang et al., 2021).

3 Materials and methods
3.1 Sampling and profile chronology

In this study, the profile chronology data came from the
paleomagnetic chronology measured by Zhang Weilin in the
Institute of Qinghai-Tibet Plateau Research, Chinese Academy
of Sciences (Zhang et al., 2020). The Nanggian profile is divided
into NQ2, NQ, and NQ1 sections for sampling from bottom to
top. There are 28 samples in the NQ2 section, 13 samples in the
NQ1 section, 26 samples in the NQ section, and 67 samples in
total.

In the NQ section, some samples are missing because of the
unoutcroped stratum of about 150-200 m, the latest sample in
this study is NQ1-242. The length of the section stratigraphic
map is based on Zhang’s section length (Zhang et al., 2020).
There is a wide range of red bed sequences in the sampled strata,
and the lithologic variation trend is roughly represented as
follows: paleosoil sandstone in the lower part, limestone—marl
in the middle part, and siltstone-mudstone in the upper part
with obvious gypsum layers, which also reflects a climate
to arid

condition gradually changing from semi-arid

(Figure 2); the age range is approximately 51.8-37.5 Ma BP.

3.2 Determination of total organic carbon
content

The sample was ground to more than 80 mesh using an agate
mortar before testing for organic carbon content. 0.20 g powder
samples were weighed using an electronic balance with an
accuracy of 1/10,000 and placed in a quartz crucible. Before
the sample was tested on the machine, the measured samples
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FIGURE 2

Sampling and chronological map of the Nanggian Basin.

were soaked with 6% hydrochloric acid for 24 h and acidified to
remove inorganic carbon. After rinsing with deionized water to
neutralize it and then drying it in an oven at 40°C, the crucible
containing the sample was placed on the combustion table of the
instrument, and the CO, production was measured by using an
infrared detector to calculate the total organic carbon (TOC)
content of each sample. The samples were pretreated and tested
in the Key Laboratory of Petroleum Resources Research of Gansu
Northwest
Resources, Chinese Academy of Sciences. The instrument was
LECOCS900 carbon and sulfur analyzer.

Province, Institute of Eco-Environment and

3.3 n-Alkanes and compound-specific
carbon isotope analysis

A total of 67 samples were collected in this study with an
interval of about 10 m. Organic matter was extracted by a
traditional Soxhlet extraction device, and the extracted organic
matter was used for organic geochemical analysis. Before
extraction, the sample was ground to 100-200 meshes, the
extraction solvent was methylene chloride and methanol (v:
v=9:1), and the extraction time was 72h. The extracted
organic matter and solvent mixture samples were evaporated
and concentrated by nitrogen purging, then, n-hexane was
further used as an extraction solvent, and the saturated
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hydrocarbon components were extracted several times using
silica gel and alumina as fillers. The saturated hydrocarbon
components were dried and diluted with CHCI; and analyzed
by gas chromatography-mass spectrometry (GC-MS), and the
n-alkane spectra of mass-nucleus ratio m/z=57 and m/z=85 were
obtained. Then, the relative content of n-alkanes in the sample
was obtained. The same procedure is used to check blank samples
during testing to monitor for contamination.

Test instrument conditions: gas chromatography-mass
spectrometer model HP6890GC/5973MS; the capillary column
HP-5MS
(30mmx0.25mmx0.25 um). The carrier gas was high-purity

was an quartz capillary column
helium. The carrier gas flow rate was 1.2 ml/min, and the
carrier gas linear velocity was 40 cm/s. The initial temperature
of the column is 80°C, the temperature rises by 3°C per minute,
the final temperature is 300°C, and the final temperature is kept
constant for 20 min. The ion source was EI, the ionization energy
was 70 eV, the ion source temperature was 280°C, and the
interface between mass spectrometry and chromatography was
280°C.

The compound-specific carbon isotope was determined
using a gas chromatography-isotope ratio mass spectrometry
(Thermo Scientific MAT253). The experiments were completed
in Gansu Key Laboratory of Oil and Gas Resources Research,
Northwest Institute of Eco-Environment and Resources, Chinese

Academy of Sciences.
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Distribution map of n-alkanes in Nanggian samples.

4 Results
4.1 Analysis of biomarker compounds

The distribution characteristics of n-alkanes in 67 samples
from the Nanggqian section are shown in Figure 3. The carbon
number of n-alkanes is distributed between nC;5 and nCss.
For the NQ2 section, their peak patterns can be roughly
divided into two types. Among them, 21 samples from
NQ2-15 to NQ2-360 show a bimodal distribution pattern,
with nC,, and nC,; as the main peak carbon. A total of seven
samples from NQ2-370 to NQ2-483 were distributed in a
single-peak pattern, and the main peak carbon was nC,s. For
the NQ section, the peak patterns were a single-peak
distribution, and the main peak carbons are nC,5 and nC.
For the NQI1 section, which was distributed in a bimodal
pattern, nC,3 was the main peak carbon in the front peak part
and nC;; was the main peak carbon in the back peak part. The
high carbon number part had an obvious odd carbon
advantage.

Frontiers in Earth Science

In this study, nC,;/nCs,, average carbon chain length (ACL)
of n-alkanes (C > nC,5), carbon dominance index (CPI) of n-
alkanes (C > nC,;), and relative input index of n-alkanes of
aquatic plants Paq were selected, as well as Pr/Ph, ) n-C,; -/
n-Cy, +, etc., the corresponding calculation formula is as follows:

ACL,7.31=(27xnCy7429xnCp9+31xnC3;+33xnCs3y/
(nC,y7+nCye+nC3,+nCs3) (Fang et al., 2021)
CPI=0.5%[(nC,3+nC,5+nC,5;+nCy9+nCs;)/
(nCy+nCyy+nCre+nCsg+nCs0)+(nCy3+nCys5+nCyy
+nC,o+nCs)/(nCyy+nCre+nCrg+nCse+nCs,)] (Ficken et al.,
2000)

Paq=(nC,3+nCy5)/(nCy3+nCy5+nCy9+nCs;) (Eglinton and
Hamilton, 1967)

As shown in Figure 4 and Table 1, CPI values of Nangqian
profile samples ranged from 1.02 to 3.54, with an average of 1.65.
Y n-Cy; -/Y n-Cy, + values range from 0.06 to 0.73, with an
average of 0.27; Paq values ranged from 0.26 to 0.93, with an
average of 0.61. ACL values ranged from 27.11 to 30.25, with an
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Comparison of n-alkane-derived indices in the Nanggian section.

average of 29.05. nC,,/nCs; ranged from 0.33 to 6.35, with an
average of 1.55. nC;,/nCs; values ranged from 0.01 to 4.57, with
an average value of 0.59.

4.2 Analysis of total organic carbon
content

In this study, TOC data of 60 samples were obtained by
measuring and removing outliers (Table 1), with a content range
of 0.03-0.20% and an average value of 0.08%.

4.3 Carbon isotope analysis of n-alkanes

In this study, 28 n-alkanes samples from 51.8 to 37.5 Ma,
were selected for carbon isotope analysis of n-alkanes. As
shown in Figure 4 and Table 2, the carbon isotopes of
n-alkanes nC,; and nC,s in the Nangqian Basin range from
39.0%o to 29.5%0 and from 35.1%o to 26.1%o, respectively. In
long chain alkanes variation range of carbon isotopes were
34.0-23.7%0 (nCy7), 35.5-23.7%0 (nCs), 31.9-24.8%0 (nCs,),
and 31.6-24.5%o0 (nCs3) (table 2). On the whole, the long-
chain and middle-chain n-alkanes isotopes in the Nangqian
Basin show a trend of gradual increase on a long-term
temporal scale and a certain degree of periodic fluctuation
in a short period. The carbon number range of carbon isotope
results of n-alkanes obtained in this study includes nC,-nCs;3,
but the experimental results of low carbon number part and
high carbon number part were missing, and the GC-MS
results of n-alkanes also indicate that the trend of long-
chain n-alkanes (ACL) is relatively obvious, so we use the
data to get more complete results. Long-chain n-alkanes
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nC,;—nCs;, represent the range of carbon numbers in
higher plants as an indicator of climate change.

In 2010, Aichner analyzed the distribution and carbon
isotopes of n-alkanes in aquatic plants and lake surface
sediments from 40 lakes in the central and eastern
Qinghai-Tibet Plateau (Aichner et al., 2010) and concluded
that *C produced by mid-chain alkanes from aquatic plants
are richer than long-chain alkanes produced by land plants. This
is because some aquatic plants in the lake can use HCO* for
metabolism, and HCO?* is more enriched in *C than in
dissolved CO,.

However, in the sediments of fluvial and lacustrine facies
profiles in the Nangqian Basin, the middle-chain n-alkanes
(nC,; and nCy5) of most samples are more depleted than long-
chain n-alkanes (nC,;-nCs;) in '"C (Figure 4). This
phenomenon has also been found in the surface sediments
of Lake Challa in tropical Africa. The carbon isotopes of
medium alkanes (nC,; and nC,s) in the surface sediments
of Lake Challa range from -30%o to -48%o. Lake Challa is a
crater lake with a steep slope at the bottom and no shallow
water suitable for the growth of aquatic plants. Therefore, the
authors believe that medium alkanes may not come from
aquatic plants. However, the specific source of alkanes is
not given (Damsté et al, 2011). In Xiaolongwan Lake in
northeast China, the §13C values of middle-chain n-alkanes
in lake sediments are more negative than those of long-chain
n-alkanes. This phenomenon is explained by the authors as
follows: under the environmental conditions of anoxia at the
lake bottom, methanogens decompose organic matter to
produce methane and CO,. With the seasonal flow of lake
water, CO, enters the shallow water layer and is utilized by
aquatic plants, resulting in the relatively depleted '*C in
middle-chain n-alkanes (Sun et al., 2013).
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TABLE 1 Organic geochemical index parameters of samples from the Nangqian Basin.

Sample ID CPI  ZnCy/ Paq  Pr/ G/
*nC,,* Ph CsoH
NQl-242 1.87 0.38 0.63 031 0.15
NQl-229 2.63 031 038 0.37 0.13
NQI-222 2.89 0.15 0.30 0.20 0.07
NQI-213 1.29 0.10 0.67 0.39 0.06
NQl-203 1.59 0.06 0.50 0.10 012
NQI-192 254 0.15 0.39 0.17 0.14
NQI-182 243 0.19 0.49 0.39 0.1
NQI-172 213 0.34 037 0.45 013
NQI-163 2.51 0.42 037 0.41 0.1
NQI-157 2.80 0.16 0.34 0.28 0.09
NQI-148 2.56 0.13 0.39 0.26 017
NQI-141 2.09 0.33 0.52 0.34 013
NQI-129 237 0.15 0.44 0.20 0.09
NQI-118 3.54 017 0.26 0.31 0.05
NQI-108 2.16 0.29 047 0.30 0.09
NQI-99 1.40 0.70 0.87 0.45 0.14
NQI-89 1.17 0.09 0.54 0.24 0.20
NQI-81 2.62 0.14 0.29 0.27 037
NQI-70 2.60 0.15 034 0.28 0.1
NQI-53 2.60 0.29 0.42 0.39 0.12
NQI-43 2.73 0.26 0.40 031 0.10
NQI-35 1.59 0.53 0.51 0.36 0.20
NQI-28 2.66 0.42 0.39 0.41 0.04
NQI-19 2.83 031 032 0.32 013

“-” means lower than the detection limit or abnormal value, no data.

5 Discussion
5.1 Source of organic matter

The organic matter in lake sediments can be divided into two
sources: one is from imported land higher plants and another is
the endogenous aquatic organisms from the water body, which
are mainly composed of lower bacteria, algae, and aquatic plants
(emergent, submerged, and floating plants) (Dodd and Afzal-
Rafii, 2000). The distribution range of n-alkanes carbon number
in terrestrial higher plants is generally between nC,5 and nCss,
with nC,7, nCyg, or nCjs; as the main peak, which has an obvious
odd-carbon advantage. The distribution range of n-alkanes
carbon number in lower bacteria and algae is generally
between nC;5s and nC,;, with nC;; as the main peak and
single-peak type distribution, without obvious odd-carbon
1967).
number distribution of submerged/floating plants is generally

advantage (Eglinton and Hamilton, The carbon

between nC,; and nC,s, while the distribution of n-alkanes in
emergent plants and higher plants is similar, and the bimodal
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nC17/ nC27/ ACL TOC Carbon
nCs, nCs, (%) peak
0.34 0.33 29.14 0.12 23
0.21 0.40 29.50 0.18 31
0.04 0.40 29.59 0.10 31
0.21 2.04 27.31 0.11 25
0.01 0.90 28.30 0.05 25
0.04 0.65 29.13 0.06 23
0.13 0.70 28.89 0.09 23
0.34 1.92 28.80 0.09 31
0.38 0.99 29.30 0.11 23
0.07 0.49 29.45 0.20 31
0.04 0.53 29.24 0.08 23
0.29 0.50 29.11 - 23
0.05 0.60 29.01 0.09 23
0.07 0.44 29.62 0.15 31
0.23 0.58 29.25 0.11 23
4.05 0.85 27.12 0.16 23
0.16 1.99 27.85 0.17 25
0.06 0.40 29.67 0.09 31
0.05 0.62 29.18 0.11 31
0.26 0.67 29.00 0.11 23
0.15 0.52 29.21 0.05 23
0.75 1.35 28.09 0.10 27
0.34 0.41 29.44 - 31
0.19 0.45 29.46 0.04 19

distribution is considered to be the mixed source (Dodd and
Afzal-Rafii, 2000).

Previous studies have proposed that the sediment Paq value
can indicate the proportion of n-alkanes input by submerged/
floating plants in n-alkanes with high carbon numbers. It is
generally believed that when the Paq value is less than 0.1,
terrigenous higher plants are the main biological sources;
when the Paq value is between 0.1 and 0.4, emergent plants
are the main biological sources; when Paq value is between
0.4 and 1.0, the main biological source is submerged/floating
aquatic macrophytes (Ficken et al., 2000).

In addition, for the two indices of ) n-C,; /) n-Cy+ and
nC;;/nCsy, it is believed that they can also indicate the
proportion of lower aquatic bacteria and algae to higher
plants. nC;,/nC;;<0.5 indicates that higher plants are the
main inputs, and nC;;/nC;;>2 indicates that bacteria and
algae are the main inputs (Xie et al., 2005; Xie et al., 1999).

Therefore, according to the abovementioned indicators, we
can divide the whole period into three stages to discuss the source
of organic matter. In the first stage, 51.8-46.4 Ma, Paq is 0.8,
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TABLE 2 Compound-specific carbon isotope of samples from the Nangqgian Basin.

Sample ID Age (Ma) 813C, 23 813C, 25 813C, 27 813C, 20 813C,ca
NQ-87 3559 -36.7 323 -30.5 -28.7 289
NQ-66 35.96 317 295 285 -28.4 -27.7
NQ-45 36.5 312 292 -28.1 -283 285
NQ-26 36.99 323 -30.4 29.1 2292 -29.8
NQ-1-229 38.09 -33.0 -30.4 -26.8 -26.6 269
NQ-1-213 3831 -31.6 -30.9 292 272 -26.8
NQ-1-192 38.66 -29.9 -26.9 -25.0 248 -24.9
NQ-1-163 39.23 -30.2 -26.3 245 243 -25.0
NQ-1-118 40.24 -29.8 27.0 -26.2 26.4 -27.0
NQ-1-99 40.69 317 311 311 -30.8 -26.8
NQ-1-81 41.14 319 -28.2 244 244 -25.0
NQ-1-70 4138 -29.5 -26.1 237 -23.7 -24.8
NQ-1-43 41.83 -30.1 274 -26.0 -26.1 262
NQ-1-35 42,01 -30.1 273 263 -26.2 -26.0
NQ-1-28 42.13 -30.9 -28.0 -26.0 -26.4 265
NQ-2-415 47.34 -32.0 -323 -31.8 -30.2 -31.9
NQ-2-380 47.65 -31.8 -31.6 -315 -315 -313
NQ-2-370 47.75 323 -30.0 -29.9 -30.1 316
NQ-2-360 46.45 337 -33.6 -33.9 - -
NQ-2-272 48.64 332 -35.1 - - -
NQ-2-196 49.37 -39.0 347 324 327 -
NQ2-172 499 344 -345 -33.1 355 -
NQ-2-123 50.97 -30.6 -30.4 294 -29.5 -29.8
NQ-2-100 51.23 -38.4 -31.0 -34.0 -334

NQ-2-75 51.54 -38.5 -34.1 322 -34.8

NQ-2-54 51.77 -35.6 -34.9 -323 -323

NQ-2-24 52.15 316 -30.4 273 -27.8 284

“-” means lower than the detection limit or abnormal value, no data.

nC,,/nCs; is 0.97, ) n-Cy; /Y. n Cyy+ is 0.32, and the source of

organic matter is mainly submerged/floating aquatic
macroplants, with a small number of bacteria and algae input.
The main carbon numbers were nC,, and nC,3. The distribution
spectra of n-alkanes also show an obvious predominance of the
front peak. Meanwhile, during 48.1-46.4 Ma, some n-alkanes
with low content and high carbon number appeared back peak
caused by the

hydrodynamic conditions and the addition of small amounts

characteristics, which may be strong
of terrigenous organic matter.

The second stage is 46.4-42.7 Ma, in which the Paq value is
0.55, nCy,/nCs; is 0.34, and the Y n-C,; /Y n Cyy+ is 0.18,
indicating that the biological sources mainly changed from
submerged/floating aquatic macrophytes to terrestrial higher
plants, and the input of aquatic bacteria and algae is small. In
the early period of this stage, the main carbon number is nCy;
and it gradually transients to nC,; in the later period of this stage.
The distribution spectra of n-alkanes also show an obvious
unimodal pattern at this stage.
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In the third stage, 42.7-37.5 Ma, Paq was relatively low, with
an average of 0.44, and nC,,/nCs; had an average value of 0.38,
indicating that the biological sources were mainly mixed inputs
of submerged/floating aquatic macroplants and terrestrial higher
plants. The average value of ), N-C,; -/Y N-C,, + was 0.26,
indicating that there was less input of aquatic bacteria and algae.
The distribution spectrum of n-alkanes also showed a bimodal
pattern at this stage, indicating that the source of organic matter
was the aquatic-terrestrial mixed source.

5.2 Evolution of palaeovegetation

Modern molecular organic geochemical studies show that
nC,; or nCyg is the main peak carbon in the distribution of
n-alkanes when woody plants are dominant, and nCs; is the main
peak carbon when herbaceous plants are dominant. The change
in the nC,,/nC;; ratio can reflect the change in the relative
content of woody and herbaceous plants. The increase in nC,,/
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FIGURE 5

(A)Sedimentation rate in this study. (B) The n-alkane data was obtained in this study. (C) The n-alkane results were made by the predecessors in
the Xining Basin (Long et al., 2011). (D) The retreat process of the Tethys Sea (Sun et al, 2016). (E) The Eocene global deep-sea oxygen isotope
changes (Zachos et al., 2001). (F) Global atmospheric CO, concentration since the Cenozoic (Steinthorsdottir et al.,, 2019).

nCs; indicates the evolution of herbaceous plants to woody
plants, and the decrease in nC,,/nCs;, indicates the evolution
of woody plants to herbaceous plants (Xie et al., 1999). Different
chain lengths correspond to the different plant sources; therefore,
the average carbon chain lengths (ACL) of long-chain alkanes
(carbon number > nC,¢) from lake sediments can also be used to
indicate different vegetation types (Xie et al., 1999). The ACL of
herbaceous plants is greater than the woody plants(; Liu et al.,
2018) and the ACL value change can reflect the change in the
relative abundance of woody and herbaceous plants.

The
hydrocarbons is commonly used to indicate paleovegetation
types (Garcin et al, 2014; Niedermeyer et al, 2017) and
paleoecological environment changes (wu et al., 2019b) and

carbon isotopic composition of leaf paraffin

has also been applied by some scholars in the paleoelevation
reconstruction of the Qinghai-Tibet Plateau (Deng and Jia, 2018;
Sun et al., 2015).

As for the emergence time of C; and C; plants, many
previous studies have been carried out. Existing evidence
shows that C, plants mainly appeared in Miocene around
23 Ma, the earliest to Oligocene about 32 Ma according to the
sharp decline in atmospheric CO, concentration (Vicentini et al.,
2008; Hackel et al., 2018; Bouchenak et al., 2010). So in this study,
the latest deposition age of the Nanggian Basin section is around
35 Ma. Also, the growth environment of C, plants is in the
low—mid latitude region at a lower altitude (Boutton et al., 1980).
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Although C, plants can also be seen on the Qinghai-Tibet
plateau, the biomass proportion is very low (Deng and
Li,2005). According to previous studies, the altitude of the
Nanggian Basin in the Eocene reached 3000 m (Fang et al,
2020). Thus, before 35Ma, existing evidence showed that
there was hardly a large number of C, plants, so the source of
Eocene sediments in the Nangqian Basin was mainly C; plants.

The nC,,/nCjs; value and ACL value (carbon nC,,-nCss) of
the sediments from the Nanggian section showed some
correlation (n=67, R’=0.47), According to the nC,,/nCs;
values, ACL and CPI values and the variation characteristics
of carbon isotope 8"C of n-alkanes, the evolution of
palaeovegetation in the Nanggian section can be divided into
three stages, which are relatively consistent with the changes of
sedimentary facies.

Stage I: 51.8-46.4 Ma, the main plant types were mid-chain
woody aquatic plants. In this period, the depositional
environments consisted of a braided river and an ephemeral
lake, and the fluvial sedimentary facies were an open system with
strong hydrodynamic conditions. In this system, the terrestrial
plants carried by surface runoff may be an important factor
affecting the input of terrestrial plants. Therefore, the
phenomenon of high overall chain length shown by ACL and
nCy;/nCs; in this period may be caused by the input of
exogenous terrestrial vegetation brought by rainfall and
surface runoff.
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Stage II: 46.4-42.7 Ma, during which the depositional
environments gradually became stable and changed from
braided rivers and ephemeral lakes to brackish lakes. As for
compound-specific carbon isotope §'°C of n-alkanes, the value of
8"C of n-alkanes gradually showed a positive trend. At the same
time, ACL values gradually increased, while nC,,/nCj;; gradually
decreased, the Paq value decreased significantly, and the main
carbon number gradually changed to a high carbon number,
most of which was nC,s, indicating that the overall vegetation
type changed from woody plants to herbaceous plants in this
period. The TOC also increased significantly compared with the
previous stage, indicating that plant productivity increased with
the stable sedimentary environment.

Stage III: 42.7-37.5 Ma, in this period, the depositional
environments mainly consisted of mudflats and salt lakes. In
terms of n-alkanes, the ACL value kept a low trend and the CPI
value increased significantly, while the Paq value and nC,,/nCs;
value also kept a low value on the whole. The proportion of high
carbon number in main peak carbon increased significantly,
indicating a rapid change in the proportion of terrestrial
higher plants. With the further stability of the sedimentary
TOC also
summary, herbaceous plants were still the main vegetation

environment, content increased further. In

type in this period.

5.3 Paleoclimatic evolution

Previous studies have shown that the Paq value, the relative
input index of n-alkanes of aquatic plants, can reflect the change
in precipitation in geological history. A higher Paq value
indicates a higher content of mid-chain #n-alkanes from
submerged/floating plants, indicating the expansion of the
lake and higher humidity. On the contrary, the contribution
of terrigenous higher plants and emergent plants increased,
indicating low lake surface and relatively arid climate
conditions. Relevant research conclusions have been
confirmed and widely applied to the Qinghai-Tibet Plateau
(Cranwell, 1973; Pu et al, 2011; Duan and Xu, 2012; Zheng
et al., 2007; Cui et al., 2008). In addition, Eglinton and Hamilton
considered that temperature is positively correlated with
n-alkanes chain length (ACL). Plants tend to synthesize longer
chains of n-alkanes when temperature increases (Eglinton and
Hamilton, 1967). At the same time, Poynter and Eglinton
proposed that the change of ACL value could reflect the
relative change of paleotemperature in marine sediments and
believed that the change of ACL value could reflect the relative
change of paleotemperature in the source area of terrestrial
sediments. The research results were also confirmed in the
study of n-alkanes and temperature changes in modern plant
leaves (Sorrel et al., 2017; He et al., 2018).

In addition, the carbon isotope of leaf paraffin in sediments is

related to the types of vegetation photosynthesis, atmospheric
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CO, isotope and CO, concentration, temperature, precipitation,
and other factors in the sedimentary basin.

Leaf paraffin alkane is formed by photosynthesis through the
absorption of atmospheric CO, by plants. Therefore, the carbon
isotopic composition of a single alkane is related to atmospheric
CO, isotopic composition. However, the variation range of
atmospheric CO, isotope was less than 0.8%o during the
(Tipple, 2010). the of
fractionation between vegetation and atmospheric CO, did

Eocene Assuming that degree
not change, the variation of carbon isotope of CO, could only
cause the variation of carbon isotope of leaf alkane to less than
0.8%o. In the Nangqian Basin, the variation range of a single
carbon isotope can reach more than 10%o, which indicates that
the single carbon isotope in the Nangqian Basin may be affected
by atmospheric CO, isotope variation to some extent, but it is not
important.

At the same time, the reduction of the atmospheric CO,
concentration will reduce the degree of carbon isotope
fractionation between leaf paraffin and atmospheric CO, and
then affect the plant leaf paraffin isotope (Schubert and Jahren,
2012). However, the resolution of the study on the change in
atmospheric CO, concentration is low and controversial.
According to the available data, the global cooling of EOGM
(Earliest Oligocene Glacial Maximum) events in the late Eocene
may be related to the decrease in atmospheric CO, concentration
(Barron, 1985; Pearson et al., 2009). If the alkane isotopes of leaf
wax were mainly affected by the change of atmospheric CO,
concentration in the Eocene, the carbon isotopes should show the
same trend as atmospheric CO, concentration in the Eocene.
However, the carbon isotope of the Nangqian Basin showed a
positive deviation with the passage of time during the Eocene,
which did not correspond well with the change of atmospheric
CO, concentration, indicating that the change of atmospheric
CO, concentration was not the main factor affecting the change
of carbon isotope of n-alkanes.

Pollen fossil studies show that the vegetation of the YAL
section (41-40 Ma) in the Nangqian Basin is dominated by
mixed pollen of angiosperms and gymnosperms, of which the
angiosperms are dominated by Nitraria and gymnosperms by
Ephedra and Taxaceae (Yuan et al., 2016). In the RZ section, the
dominant vegetation types of the Nangqian Basin did not change
much in the late Eocene (41-38 Ma). Different types of plants
have different carbon isotopes, n-alkanes in pine and cypress
plants are more enriched in °C than angiosperms. (Diefendorf
and Freimuth, 2016; Pedentchouk et al., 2008). Therefore, if the
coniferous and cypress plants increase in the basin, the carbon
isotope of middle paraffin in river and lake sediments will
increase. By comparing the carbon isotopes of n-alkanes from
the late Eocene in the Nangqian Basin, it was found that the
carbon isotopes of leaf paraffin were positively skewed with the
decrease of coniferous and cypress gymnosperms, indicating that
the change in vegetation type was not the direct factor causing the
change of carbon isotopes of n-alkanes. The climatic factors
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leading to the change of vegetation types may be the main reason
for the change of compound-specific carbon isotopes.

Recent studies on carbon isotopic compositions of plants
at a global scale show that the carbon isotopic compositions of
organic matter and n-alkanes in leaves of modern plants are
obviously influenced by environmental factors, especially by
annual average precipitation. A previous study (Diefendorf
et al, 2010) summarized the carbon isotope data of
3310 leaves of 557 species of trees from 105 sampling sites
around the world, revealing that there was a significant
the
fractionation among leaves of atmospheric CO, and the

positive  correlation  between carbon  isotope
annual average precipitation, indicating that in a large
spatial range, the regulation of leaf stomata on CO,
exchange caused by water balance pressure is the main
mechanism affecting carbon isotope fractionation in plants.
Similarly, previous research (Kohn, 2010) collected carbon
isotope data of C3 plants from 570 published sampling sites
around the world and found that the carbon isotope of Cs
plants decreased with the increase in annual average
precipitation. Most of the plants whose &87C>-25.5%o0
distributed in the region with annual mean precipitation
less than 500mm, and the correlation between plant carbon
isotope and precipitation gradually weakened when annual
mean precipitation exceeded 1,000 mm. Liu and An (2020)
collected and collated carbon isotopes of leaf paraffin from
major plant types around the world and found that there is a
significant negative correlation between carbon isotopes of
n-alkanes from C3 plants and annual average precipitation,
but a weak correlation between carbon isotopes and annual
average temperature. However, carbon isotopes of leaf
paraffin in C4 plants and monocotyledon plants have a
weak correlation with annual average precipitation and an
obvious positive correlation with annual average temperature.
Therefore, the author believes that, on the basis of clear
paleovegetation types, carbon isotopes of leaf paraffin can
be the

paleotemperature. The vegetation types of the Nanggian

used in study of paleoprecipitation and
Basin from the Eocene were dominated by C3 plants.
Therefore, carbon isotopes of leaf paraffin may indicate the
variation of annual average precipitation in the basin.
According to the results of this study, during the period of
51.8-37.5 Ma, the overall variation trend of n-alkanes in the
Nanggqian profile is relatively consistent (Figure 4), indicating
that vegetation in the Nangqian Basin is sensitive to climate
change, especially in terms of temperature and humidity.
According to the index including the TOC, n-alkanes, and
carbon isotope change trend in the Nangqian profile, there
were obvious climate shifts at 46.4 and 42.7 Ma, which accord
with the change of sedimentary facies; accordingly, the
paleoclimate evolution of the Nanggian Basin from the
Eocene to Oligocene can be divided into the following three

stages.
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Stage I: 51.8-46.4 Ma, the sedimentary facies were a braided
river and an ephemeral lake, which suggests that this period kept
relatively humid climate conditions; meanwhile, the carbon
isotope 8"°C of n-alkanes is generally negative, indicating a
relatively humid sedimentary environment.

Previous studies on the chain length distribution
characteristics of leaf paraffin of various plant types in
China that
temperature in the summer (growing season) has an

400 mm  precipitation line in showed
important influence on the chain length distribution of leaf
The higher the

temperature in summer, the greater the ACL, but the

paraffin in terrestrial higher plants.
change of ACL can only be a qualitative indicator of
temperature change. It cannot be used as a quantitative
indicator of temperature (Wang et al, 2018). However,
such a conclusion also needs a stable
type as the
support. In stage I, the sedimentary facies consisted of

sedimentary
environment and vegetation foundation
fluvial facies and ephemeral lake facies, which were
relatively unstable on the whole. ACL was not an accurate
indicator to reflect the trend of temperature change. At this
stage, TOC has a reflection of the organic matter content in
lake sediments and also has a relatively low value, it may also
be affected by the unstable sedimentary environment and
influenced the preservation of organic matter; therefore in
stage | period, the Nangqian Basin temperature change may
need more evidence to explore further.

Stage Il: 46.4-42.7 Ma. In this stage, the ACL values of the
samples increased significantly, while nC,,/nCs; and Paq
values decreased. Indicating climate dry trends because the
ACL of plant leaf paraffin reflects the leaf epidermis of
epicuticular wax on leaf water balance degree, the longer
the carbon chain lock water ability, the stronger ACL exists
in correlation with the temperature because of blades on the
regulation of water in plants, and as the temperature increases,
leaf transpiration of water also increases. In order to maintain
water balance in the body, the upper epidermis of leaves needs
to be more water-locked, so the carbon chain of leaf paraffin
synthesized by plants is longer (Wang et al., 2018). Thus, in a
relatively stable sedimentary environment, ACL values rise
and Paq value decreases indicating a long-term climate drying
trend gradually. As for temperature changes in this period,
under the background of the overall global cooling, the ACL
index cannot separately be used to measure temperature
change; concrete temperature changes still need further
discussion. During this period, the vegetation type changed
greatly, from woody to herbaceous, in response to the climate
characteristics of drying.

Stage lll: 42.7-37.5 Ma, during this period, nC,,/nCs; and
Paq values remain low, while ACL values remain high. As can be
seen from the distribution characteristics of n-alkanes in this
study, odd—even dominance is mainly concentrated in the range
of high carbon numbers; accordingly, it may mean that the
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productivity of higher plant vegetation is significantly improved,
as shown in Fig. 4.1, from 42.7 to 37.5 Ma, the distribution of NQ
1 segment samples gradually changed from unimodal to bimodal.

In addition, compared with stage I, the sedimentary
environment of stage Il changed but was still stable.
According to lithology, redox conditions were slightly

elevated, but it is generally believed more reductive
sedimentary environment is more suitable for the preservation
of organic matter; thus, as for TOC changes, the preservation
condition may not be the main factor. TOC increased during this
period. It indicates that the climatic conditions became more
suitable for herbaceous plants during this stage. ACL values also
maintained high values in a relatively stable sedimentary
environment, which may be some response to the temperature
warming and correspond well to the Middle Eocene Climatic
Optimum (MECO) event at around 40 Ma in the same period.
They may be influenced by the MECO, the carbon isotope §"°C of
n-alkanes was significantly positive in the whole during this
period, indicating that climatic conditions had turned noticeably
drier.

It was previously believed that a lower ratio of Pr/Ph (Pr/
Ph < 0.6) usually represents a hypersaline environment of
hypoxia, while a higher gammacerane also reflects higher
environmental salinity Peters and Moldowen, 1993. We
calculated the average values of Pr/Ph among the three
different stages (Table 1) and found that the average value
of Pr/Ph in stage | is 0.30, stage Il is 0.38, and stage Il is 0.31,
showing a certain increasing trend. Similarly, the maximum
value of G/nC3oH was 2.19 and the minimum value was 0.006.
The average value was 0.26, and the average value was 0.02 in
stage |, 0.13 in stage Il, and 0.43 in stage Ill, during the whole
51.8-37.5 Ma period, the gammacerane increased generally
and decreased in the late stage, which may be caused by the
weakening of water stratification caused by the change of
sedimentary environment. Therefore, the overall salinity of
the Nanggqian Basin also gradually increases during the whole
long 51.8-37.5 Ma period. In particular, there is a relatively
more obvious increase in salinity in stage Ill, which
corresponds to the changes in sedimentary facies and the
obvious increase of gypsum layers in outcrops, indicating that
the overall climate characteristics of stage Ill are still drying.

Furthermore, the abovementioned compounds, especially
Paq, showed some fluctuations during this period, which was
consistent with the previous palynological results and clay
mineral analysis results from the YAL profile, RZ profile in
the Nangqian Basin, and Gongjue Basin dating from about
41.2 to 37.8 Ma (Bartonian Period) (Long et al., 2011; Miao
et al.,, 2016; Yuan et al.,, 2016; Yuan et al., 2020). It was also
consistent with the Eocene records of the Xining Basin (Figure 5),
Qaidam Basin, and Hoh Xil Basin during the same period.
Therefore, we believe that even under the condition of short-
term warming and continuous drought, there was still short-term
dry and wet alternation in this stage.
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6 Driving mechanisms

The uplift of the Qinghai-Tibet Plateau is the most important
tectonic event during the Cenozoic, mainly formed during the
northward movement of the Indian plate and subsequent
collision with the Eurasian plate. There are two views on the
uplifting process of the Qinghai-Tibet Plateau. One view is that
the Qinghai-Tibet Plateau has been gradually uplifted from
2001).
According to another view, the central Qinghai-Tibet Plateau

south to north since the Eocene (Tapponnier,
rose to 3000-4000 m from the beginning of the Eocene (Wang
etal., 2008), followed by the further compression and collision of
the Indo-Asian plate and the southern Qinghai-Tibet Plateau
gradually rose to its present height (Hatzfeld and Mohar, 2010).
The northern Qinghai-Tibet Plateau (Hatzfeld and Mohar, 2010)
and its surrounding mountains, such as the Tian Shan and the
Pamir Mountains, were significantly uplifted after the Miocene.
Despite the lack of consensus on the uplifting history of the
Qinghai-Tibet Plateau, both views indicate that the uplifting of
the Qinghai-Tibet Plateau was a multi-stage, multi-act process
since the Eocene. The uplift of the Qinghai-Tibet Plateau plays
an important role in global and regional climate change, many
previous simulations, with or without the Qinghai-Tibet Plateau
as the main body, have found that uplifting processes affect the
formation and evolution of the Asian monsoon (Manabe and
Terpstra, 1974), aridity in the Asian interior (Kutzbach et al.,
1993; Manabe and Broccoli, 1990; Broccoli and Manabe., 1992),
and regional and global climate change (Kutzbach et al., 1989;
Kutzbach et al., 1993; Ruddiman and Kutzbach., 1991).

During the Eocene, one of the important sources of water
vapor in the Qinghai-Tibet Plateau was the Paratethys Sea. The
change of the Paratethys Sea can lead to a change in the thermal
properties between the sea and land. Therefore, the retreat of the
Paratethys Sea means that the water vapor leading to the
Qinghai-Tibet Plateau decreases and its influence on the
process of aridity is obvious. From the late Eocene to the
Early Oligocene, the Indian plate and the Asian plate collided
constantly, and the decrease in sea level during the same period
indicates the further disappearance of the Paratethys Sea. The
water vapor source in the inland area of the Qinghai-Tibet
Plateau is mainly controlled by the westerly circulation;
therefore, the retreat of the Paratethys Sea must have a
necessary impact on the aridification process in the inland
area of the Qinghai-Tibet Plateau.

In this study, by comparing the climate evolution
characteristics recorded by n-alkane-related indexes and TOC
in the Nangqian Basin with that recorded in the Xining Basin
(Long et al.,, 2011) (Figure 5), it can be found that during the
period of 50.5-37.8 Ma, vegetation types in the Xining Basin
gradually evolved from woody plants to herbaceous plants and
the climate was dry and warm, which had similar evolutionary
characteristics with the Nanggian Basin. The results of previous
studies on the Shuiwan section of the Xining Basin during the
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Eocene showed that the grain size characteristics of mudstone
samples were very similar to the grain size characteristics of loess
in the Yili Basin and were also subject to the west risk control
(Long et al.,, 2011; Wang et al., 2014).

Numerous climate simulation experiments and numerical
studies indicate that more than 60% of the water reaching Central
Asia today is transported by the westerlies (Yatagai and Yasunari,
1998; Numaguti, 1999; Sato et al., 2007); the westerlies may
dominate the overall water budget of the Qinghai-Tibet Plateau
(Curio et al,, 2015). In the study of the geological record of the
younger, the westerly played a leading role in water vapor
transport. During the entire Holocene period, western central
Asia (Caspian sea to east Kazakhstan) and central Asia
(northwest China to eastern Mongolia) drought indexes are
synchronized and show a negative correlation between the
change of the monsoon moisture index and drought index
(Chen et al, 2010), indicating that during this period, the
transport of water vapor by westerly winds controlled the
drought in most parts of Eurasia. In addition, GCM (General
Circulation Model) with paleoboundary conditions indicates that
westerly winds also played an important role in controlling the
Cenozoic climate in Central Asia (Ramstein et al., 1997; Zhang
et al.,, 2007; Huber and Goldner, 2012).

According to the oxygen isotope records of paleosoil
carbonate in the Mongolian Plateau (Caves et al., 2015), more
than 2,650 paleosoil and lacustrine carbonate data points across
Asia, and modern precipitation data, indicating that the spatial
distribution of paleoprecipitation in the whole Asia is highly
similar to that in modern times. (Caves et al., 2015; Bougeois
et al,, 2018). In this study, the depositional rate of the Nangqian
Basin in the Eocene was calculated, and the results showed that
the depositional rate in the early and middle Eocene was
significantly higher than that in the middle and late Eocene,
which may mean that the uplift degree of the Nangqian Basin in
the early and middle Eocene was greater than that in the middle
and late Eocene. Therefore, the plateau uplift may have had little
influence on the water vapor transport path to the Nangqian
Basin during the middle and late Eocene. Thus, we consider that
the driving mechanism of Eocene climate change in the
Nanggqian Basin is similar to that in the Xining Basin, and the
source of water vapor is consistent, which is mainly controlled by
westerly winds.

Previous studies on oxygen isotopes of carbonate in the
Nangqian Basin (Hasty, 2011) and paleoelevation of the
Lunpola Basin in the middle of the Qinghai-Tibet Plateau
(Wei et 2017) showed that the altitude of the
Qinghai-Tibet Plateau increased during the Eocene, combined

al.,

with the uplift and compression of the Pamir tectonic belt, this
may further lead to the retreat of the Paratethys Sea during
47.0-40.0 Ma (Sun et al., 2016). Meanwhile, the climate of the
Nangqgian Basin also showed continuous aridification. In
addition, the global deep-sea oxygen isotope decreased during
the middle and late Eocene, while the global atmospheric CO,
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concentration increased during the same period, indicating that
the global climate cooled significantly during this period, which
may have made the water vapor transport in inland areas more
difficult. Furthermore, previous studies have shown that one of
the main causes of Asian inland aridity may also be global climate
cooling. For example, Long et al. (2011) studied sediments in
Xining Basin by combining n-alkanes biomarkers and
palynological records. It is believed that the cooling and
drying of climate during the period from the end of the
Eocene to the beginning of the Oligocene was caused by the
decline of global temperature during this period, which is
consistent with the conclusion of Dupont (2007, 2008). The
water vapor transport in the Nangqian Basin during the Eocene
was mainly controlled by the westerlies, so the Paratethys Sea
provides the largest water vapor source; therefore, the Paratethys
Sea retreat and global climate cooling may jointly lead to the
climate aridity in the Nangqian Basin.

In addition, the uplift of the Qinghai-Tibet Plateau may
further block the influence of the South Asian monsoon on the
central and eastern Qinghai-Tibet Plateau, so that the water
vapor carried by the South Asian monsoon cannot reach the
inland area of the Qinghai-Tibet Plateau. A total of three
hypotheses have been proposed to explain the increasing
aridity in Central Asia
sedimentary records and the general circulation model (GCM)

since the Cenozoic by using

to study the relationship between topography and climate. The
first hypothesis holds that the staged uplift of the Qinghai-Tibet
Plateau blocked water vapor from the south, and the lower
temperature on the plateau exacerbated the atmospheric
subsidence, further leading to Cenozoic droughts in Central
Asia (Kutzbach et al.,, 1993; An et al., 2001; Sato and Kimura.,
2005; Zhang et al., 2007; Sato, 2009). Both the second and third
hypotheses are based on the correlation between aridification and
global climate change and believe that global climate plays a
leading role in accelerating the evolution of drought in Central
Asia but have different views on the driving mechanism
influencing the aridification in Central Asia (Abels et al,
2011; Bosboom et al., 2014; Dupont-nivert et al., 2007; Miao
et al, 2013; Song et al, 2014). It has been suggested that the
gradual westward retreat of the Paratethys Sea and the global
cooling of the Cenozoic may have reduced the water vapor source
from the westerlies in the past 50 Ma, then leading to aridification
(Bosboom et al., 2014; Miao et al., 2012). Another view is that the
decline of monsoon intensity in the Cenozoic may be one of the
reasons for the intensification of drought in Central Asia (Licht
et al.,, 2014).

In contrast, during the middle-late Eocene, there exists
obvious differences in depositional environment between the
Nanggqian Basin and other regions including southeastern (Sorrel
etal., 2017; Su et al., 2019) (Jianchuan Basin and Markam Basin)
and southwestern (Lunpola Basin) (Wei et al., 2017) part of the
Qinghai-Tibet Plateau, these basins mainly represent the rivers,
swamps, delta, and lake environment, but the Nangqian Basin is
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mainly salt lake facies. In these basins, fossil plants are abundant,
especially found in the obvious formation of coal in the
Jianchuan Basin, this suggests that the more humid climate
conditions in southern Tibet, may be explained by a tropical/
subtropical climate, driven by I ~ AM (Indonesia to Australian
monsoon) from the south monsoon (Spicer, 2017). This is in
sharp contrast to the semi-arid/arid climate in the north and
northeast of Central Tibet (Nanggian Basin, Xining Basin,
Qaidam Basin, etc.). Therefore, we believe that the Nangqian
Basin was less affected by the southern monsoon during the
Eocene.

7 Conclusion

In this study, we reconstructed the paleoclimate and
paleovegetation evolution history from 51.8 Ma to 37.5 Ma in
the central and eastern Qinghai-Tibet Plateau by comparing the
n-alkane-induced indices, the carbon isotope §'°C of n-alkanes,
and the total organic carbon content of the sediments from the
Nangqian section and reached the following preliminary

conclusions:

1) The source of organic matter in the Nanggian Basin is mainly
submerged floating aquatic plants, while some terrigenous
higher plants are imported, and fungi, algae, and aquatic low
implanting inputs are less.

2) According to the indexes of organic geochemistry, the
evolution of paleoclimate and paleovegetation in the
Nanggian Basin from 51.8-37.5Ma can be divided into
three stages: stage I: 51.8-46.4 Ma, the climate was humid,
and the vegetation type was mainly aquatic herbaceous plants.
Stage Il: 45.0-42.7 Ma, the climatic conditions showed
gradual droughts, accompanied by periodic drought and
wet changes; the vegetation type changed from woody
plants to herbaceous plants. Stage III: 42.7-37.5 Ma, the
climatic conditions continued to be dry, which may have
been affected by the MECO events, and the content of organic
matter obviously increased; the vegetation type was mainly
herbaceous plants.

3) Through the comparative study of the climate evolution
history of the Eocene in the Nanggian Basin reconstructed
by the multi-index system with the climate change in the
adjacent area, the retreat process of the proto-Paratethys Sea,
the global deep-sea oxygen isotopes, and the global
atmospheric CO, concentration, it is considered that the
Eocene climate change in the Nanggian Basin is mainly
affected by the global climate change and the retreat of the
proto-Paratethys Sea. The uplift of the Qinghai-Tibet Plateau
and the increase of altitude have little influence on the water
vapor in the Nanggian Basin, while the basin was less affected
by the South Asian monsoon (Walker et al.,, 1981; Berner
et al., 1983; Ruddiman and Kutzbach, 1989; Raymo and
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Ruddiman, 1992; Molnar et al., 1993; Sage, 2001; Deng
and LI, 2005; Zachos and Kump, 2005; Wang, 2006;
Bouchenak-Khelladi et al., 2009; Hren et al., 2009; Yang
et al,, 2011a; Yang et al,, 2011b; Hou et al., 2017; Dupont-
Nivet et al., 2018; Lin et al., 2018; Xu et al., 2019; Ye et al.,
2020).
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