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Editorial on the Research Topic

Lake records of environmental and climate change on the Tibetan

Plateau

The Research Topic “Lake Records of Environmental and Climate Change on the

Tibetan Plateau“ assembles 21 studies from different regions of the Tibetan Plateau and its

margins (Figure 1). The majority of the presented studies address modern processes or

Holocene environmental and climate records. Three case studies report late Pleistocene to

Holocene lake records and four papers address the earlier climate history of the region

between the Eocene India-Asia collision and afterwards until the early Pleistocene

(Figure 1). Two additional studies from the eastern and northeastern foreland of the

Tibetan Plateau explore more ancient geological processes in the Ediacaran and the

Carboniferous, respectively. Studies of the iconic Qinghai Lake focus on the formation of

ooids and the provenance of detrital particles in the lake, and on weathering processes in

its catchment area (Hao et al.; Tao et al.).

Methods applied by the involved researchers represent a wide range of partly very

innovative approaches including a test of branched glycerol dialkyl glycerol tetraethers

(brGDGTs) in response to elevation (Wang H. et al.), the establishment of a diatom-based

transfer function for water-depth reconstruction (Peng et al.), the presentation of a new

varve-thickness index (Zhang Q. et al.), a critical assessment of environmental

reconstructions based on sedimentary ancient DNA (sedaDNA) in comparison to

inferences based on microscopic analysis of organism remains (Anslan et al.), and the

measurements of rarely determined trace-element ratios in calcareous organism remains

(Börner et al.; Song and Wang). Applied aspects such as the characterisation of

hydrocarbon source rocks and the assessment of lithium resources are tackled in the

studies of Xu and Wang, Ding et al.

The Research Topic improves our understanding of geological processes and

environmental conditions of the Tibetan Plateau and at its margins in the past and at

present, but the conducted analyses also demonstrate that significant gaps in knowledge

remain to be tackled by future studies. Thus, we hope that the presented works of the
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research topic will stimulate new exciting research on the Tibetan

Plateau and along its margins.
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FIGURE 1
Locations of the 21 studies presented in the Research Topic (L.—Lake, B.—Basin).
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Nature of Volatile Organic Matter in
Lake Sediments as a Reflection of
Paleoclimate Changes Occurring at
4ka in the Central Qaidam Basin
Xiaohang Lu1,2,3, Yongsheng Zhang4, Lei Yi1,2, Zhe Ma1,2,3*, Weigang Su1,2,3, Xiaobao Liu1,2,3

and Fengqing Han1,2*

1Key Laboratory of Comprehensive and Highly Efficient Utilization of Salt Lake Resources, Qinghai Institute of Salt Lakes, Chinese
Academy of Sciences, Xining, China, 2Qinghai Provincial Key Laboratory of Geology and Environment of Salt Lakes, Xining, China,
3Qinghai Institute of Salt Lakes, University of Chinese Academy of Sciences, Beijing, China, 4The Third Geological Exploration
Institute of Qinghai Province, Xining, China

This study explores the paleoclimate changes around the 4 ka BP period in the central
Qaidam Basin (QB), assessing the differences in spectral characteristics and organic
composition of salt lake sediments under different climate change conditions. Sediment
samples (10-m-depth profile) were collected from the middle of dry salt flats in East Taijinar
Lake (China). Sediment organic matter (SOM) was assessed by Fourier transform infrared
spectroscopy (FTIR) and gas chromatography-mass spectrometry (GC-MS). Results
showed a significant difference in the TOC content of sediments with different
lithological characteristics. A lower TOC content in salt-bearing strata was attributed to
the extreme sedimentary environment with minimal exogenous inputs. FTIR spectroscopy
revealed that the SOM in sediments included aliphatic C, ketones and alcohols. Sediments
of salt-bearing strata generally exhibited a rise in the content of ketone C�O groups and a
decrease in aliphatic C, with an equal content of alcohols compared with silty sand.
Therefore, exogenous OM and the content of TOC in silty sand strata are higher than in
salt-bearing strata, indicating that the paleoclimate became warmer and wetter after 4 ka
BP. GC-MS analysis showed a significant difference between the phenol and aldehyde
content in different strata, further indicating that the paleoclimate changed from dry to
relatively warm around 4 ka BP. Seven organic compound types were identified in SOM,
including aldehydes, hydrocarbons, phenols, esters, ketones, alcohols, and furans.
Different strata exhibited different distributions of organic compounds, with particularly
high concentrations of aldehydes in salt-bearing strata and phenols in silty sand.
Correlation analysis was performed between detrital minerals and OM types in all
samples. Results showed a strong positive correlation between detrital minerals and
phenols and a strong negative correlation between detrital minerals and aldehydes, with a
negative correlation also identified between detrital minerals and ketones. Overall, the
reduction in volatile organic compounds demonstrates that the paleoclimate changed from
cooler and dry to wet and warm around the 4 ka BP period in the central QB, with the
carbon preference index and n-alkane values further demonstrating these results. This
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study also confirms the importance of volatile organic compound monitoring to assess
paleoclimate changes.

Keywords: sediment organic matter, FTIR, GC-MS, detrital minerals, correlation analysis, n-alkane, paleoclimate

INTRODUCTION

The Qaidam Basin, located at the northern margin of the Tibetan
Plateau (TP), is one of the highest and most arid regions
worldwide (Yu and Lai, 2012). The QB is influenced by three
major climatic systems, including the East Asian summer
monsoon (EASM), the westerlies and the Indian monsoon
(IM). Reconstructions of the paleoclimate in the QB have
attracted much research attention due to its sensitive to
climatic variability (Xiang et al., 2013; Stauch et al., 2017).
Different geological archives, including ice cores (Thompson
et al., 1997), eolian sand and loess sections (Sun et al., 2007;
Stauch, 2015), and lake sediments (Lu et al., 2011; Ma et al., 2019)
have been used to reconstruct climate changes in the TP at
different locations. In particular, the organic matter (OM)
present in salt lake sediments, such as n-alkanes, fatty acids
and lignin, can serve as a highly sensitive indicator for
environmental reconstructions.

Salt lakes are saline environments containing relatively high
salt concentrations, which widely occur worldwide (Zheng, 2011).
Owing to the complexity and specific geotectonic-climatic
conditions required for salt lake formation, the sedimentary
characteristics of saline lakes differ from other lake
environments. Saline lake sediments are a product of the
physical-geographical and geological environment, with the
development of sedimentary strata retaining information on
the changing surrounding environment. Therefore, saline lake
sediments provide a sensitive record of paleoclimatic and
paleoenvironmental changes (Zheng et al., 2016). The OM
accumulated in saline lake sediments is considered to reflect
changes in terrestrial vegetation, as well as the hydrological
conditions and aquatic plant productivity in lakes, providing a
historical source of information on the regional environment
(Prokopenko et al., 1999; Meyers and Teranes, 2001; Lücke and
Brauer, 2004; Wischnewski et al., 2011; Aichner et al., 2012).

The sources of sediment organic matter (SOM) in salt lake
sediments are complex and can include planktonic and benthic
fauna and flora, in addition to terrestrial material from riverine
and anthropogenic inputs. SOM can exist in anaerobic
environments for a long period of time, being subjected to a
variety of geological processes. The partition or distribution of
OM in sediments mainly depends on the functional groups and
molecular structures contained in OM and the surface properties
of sediment mineral particles (Kleber et al., 2007; Liang et al.,
2011). It has been reported that salinity may be an important
factor in determining the distribution of OM (Means, 1995;
Tremblay et al., 2005), with the sources and redox conditions
of OM in sediments also known to affect its distribution behavior
(Wilson and Xenopoulos, 2009; Riedel et al., 2013). For example,
the high concentration of organic carbon and the C/N ratio in the
surface sediments of Bled lake (Slovenia) has been shown to

depend on the sediment oxidation environment (Muri and
Wakeham, 2006). Therefore, the chemical and functional
properties of OM in sediments depend on its source material
and biogeochemical history (Tfaily et al., 2017). The assessment
of OM in sediments allows a better understanding of the
biogeochemical cycling of carbon in lake and sediment
environments (Tuo et al., 2011; Fan et al., 2017). However,
few studies have explored the distribution behavior of OM in
salt lake sediments.

In the early stages of the diagenetic process, there is a close
relationship between SOM and mineral particles (Keil et al.,
1994). For example, early authigenic quartz fills primary pores
and decreases interparticle porosity, controlling the distribution
of migrated OM during early diagenesis, subsequently affecting
the development and volume of OM pores in siliceous shale gas
windows (Zhao et al., 2017a). Biomineralized calcite plays an
important role in the function of many organisms and in turn,
uses organic macromolecules to control crystal growth (Hakim
et al., 2017). Furthermore, the surface properties of minerals may
affect important interaction processes, such as organic matter
interactions (Valdrè et al., 2012). In the later stages of sediment
diagenesis, mineral grains provide a degree of protection and
reduce the rate of OM decomposition in sediments (Wang and
Lee, 1993). Despite the low level of OM reserves in sediments, the
structure and strength of OM adsorption on mineral surfaces is
relevant to various environmental applications, such as CO2

storage and contamination remediation (Quicksall et al., 2008;
Brown and Calas, 2012).

However, conflicting results have been obtained using
different lake sediment proxies for moisture reconstruction,
such as in Lake Qinghai (China) (Chen et al., 2016 and
references therein). An et al. (2012) proposed that the
northeastern Tibetan Plateau climate was wet during the early
Holocene period, based on carbonate analysis. However, it has
also been proposed that the early Holocene climate was relatively
dry, based on analysis of pollen assemblages (Shen et al., 2005). In
addition, previous studies on climate change in the QB have
reported varying results for the late Holocene period around 4 ka
BP. Sun et al. (2019) and Wu et al. (2018) proposed that a rapid
cold and drought event occurred around 4 ka BP, leading to the
gradual drought in the QB in the late Holocene period. Xiang
et al. (2013) suggested that the climate was mainly warm and dry
after 3830 BP, with a warm cool and extremely dry climate
predicted during 3,040–2,600 ka BP based on both n-alkane
and pollen proxies. In contrast, Chen et al. (2008) proposed
that the topography of the TP and the adjacent Asian highlands
led to a dry climate in the early Holocene period, while the climate
became relatively humid (less dry) after 8 ka BP. It is of note, most
studies have mainly been focused on the eastern or southern
regions of the TP which are sensitive and ideally located to reflect
the paleoclimate change of the whole TP region (An et al., 2012;
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Cheng et al., 2013), while little research has been performed on
the central QB region. Therefore, it is important to clarify the
interpretations of environmental data in the central QB region
around 4 ka BP. Also, few studies have assessed the chemical
composition of SOM in these regions, especially in salt lake
sediments. Due to the high salinity of salt lakes and the
presence of various toxic ions (Co, Ni, and Mn), the
composition of SOM in salt lake sediments is relatively unique
(Liu et al., 2018; Isaji et al., 2019), making a precise understanding
of SOM composition in salt lake sediments valuable information.
In this study, samples were collected directly in the central QB
region for analysis of the OM composition and distribution
characteristics, to reflect the palaeoclimate changes at 4 ka BP.
Meanwhile, some established palaeoclimate indicators, such as
detrital mineral flux, nC31/nC29 ratio, and CPI, were used to
verify the results.

The aim of this study was to assess climate changes in the late
Holocene period at 4 ka BP, in the middle of the QB using OM in
lake sediments. First, Fourier transform infrared (FTIR)
spectroscopy and gas chromatography-mass spectrometry (GC-
MS) were used to investigate the composition of OM in salt lake
sediments. FTIR spectroscopy provides insight into the chemical
functions of OM based on its functional groups (Derenne and
Quénéa, 2015), while GC-MS is an established analytical method
for volatile organic compounds (Ene et al., 2012), providing a
molecular fingerprint for OM based on its molecular weight and
elemental composition (Stashenko and Martínez, 2014). Then, the
paleoenvironmental changes in the middle of QB around the 4 ka
BP period were reconstructed based on the n-alkane distribution
and comparison with the OM in salt lake sediments.

MATERIALS AND METHODS

Geological Background
The East Taijinar salt lake (37°21′54″–37°36′05″N,
93°45′33″–94°06′48″W) is located in the Tertiary anticline
structural depression belt of the QB (Qinghai, China)
(Figure 1). The formation of this salt lake is associated with
the uplift of the Qinghai-Tibet Plateau, the strong tectonic
movement of the QB, and the migration of residual salt-
forming brine from western to central and eastern regions
(Zhang et al., 1987). The lake is mainly supplied by the
Nalinggele River from the Kunlun Mountains in the
southwest. The brine subtype is magnesium sulfate with a pH
of 7.9 (Zheng and Liu, 2009). The East Taijinar salt lake spans
approximately 300 km2, which includes a lake area of 100 and
200 km2 of dry salt flats. The dominant sediment component in
the upper stratum of the salt lake area is halite, along with small
amounts of mirabilite and gypsum and other relatively simple
minerals such as quartz and feldspar.

Sample Collection
Sediment samples were collected from a depth profile
(13.5 m) in the middle of the dry salt flats using a
polyvinyl chloride corer (30 mm inner diameter and
250 mm length). All samples were collected in clean
vertical sections. They were covered with a black cloth and
sealed in black plastic bags, then wrapped with tape to avoid
exposure to light or contamination.

The lithological profile of the core samples from top to
bottom was as follows: silty sand strata (SS) from 0 to 8.0 m,

FIGURE 1 | Map of the sampling site and lakes in the Qinghai Province (China).
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consisted of loose silty sand; salt-bearing strata (SB) from 8.0
to 13.5 m, harder and denser than that of silty sand, composed
mainly of white halite. The first sample was collected at a depth
of 0.5 m, with subsequent samples collected from below this
along a vertical depth profile at intervals of 0.5 m, resulting in
27 samples being collected for each profile. In this study, a total
of ten samples were selected for analysis, including five from
each of the two different lithologic strata zones, with the depth
and age details for each sample shown in Figure 2.

All selected sediment samples were dated using optically
stimulated luminescence in the Luminescence Dating
Laboratory of the Qinghai Institute of Salt Lakes, Chinese
Academy of Sciences. The dating of all samples have been done
in our previous work, and the reliability and accuracy of the
dating results have been discussed in the paper (Ma et al.,
2021). The effective age of the salt-bearing strata could not be
identified because of the low content of quartz and feldspar,
although according to the lithology, this layer should be the
product of an arid environment in the 4 ka BP period. The
result of the OSL dating with their equivalent dose (De) values
are given in Table 1. The remaining samples were stored in
sterile polyethylene bags and maintained at 4°C. Prior to
analysis, samples were freeze-dried, ground, and then
passed through a 200-μm mesh sieve.

FTIR Analysis
FTIR spectroscopy was performed at room temperature, using
the KBr pellet technique. The samples were dried immediately
prior to analysis to minimize interference due to moisture. OM
characterization by infrared spectroscopy involved the collection
of FTIR absorbance spectra in the mid-infrared region from 4,000
to 400 cm−1. Confirmation of the chemical bonds and functional
groups attributed to absorption peaks in the FTIR spectra was
performed using previously reported literature.

GC-MS Analysis
The OM content in all ten samples from 0 to 8.0 m and 8.5–13 m
depths were analyzed using gas chromatography mass spectrometry
(GC-MS), using a Thermo TRACE 1300 Series Gas Chromatograph
combined with a TSQ 8000 Evo MS detector (Thermo Scientific,
United States). Solid-phase microextraction (SPME) was performed
using a 50/30 μm divinylbenzene/carboxen/polydimethylsiloxane
(DVB/CAR/PDMS) fiber (Supelco, Bellefonte, PA, United States).
GC analysis was carried out using a 30 cm × 0.25mm DB-Wax
column (0.25 µm film thickness; J&W Scientific Inc., United States).
Prior to GC-MS analysis, the 2 g of samples were heated at 60°C for
60 min in an incubating box, then subjected to SPME for 30 min at a
constant temperature of 60°C, with the injection volume set to 1 μl
and an injector temperature of 250°C. The GC oven was maintained

FIGURE 2 | OSL sample site, chronology, CPI, Pr/Ph, Pr/nC17, and Pr/nC18 values of the 10 samples from different strata of the East Taijinar salt lake sediments.

TABLE 1 | Results of the OSL dating of SS sediments (Ma et al., 2021).

Sample Depth
(m)

Grain
size
(μm)

K (%) Th (ppm) U (ppm) Water
content

(%)

Dose
rate

(Gy/ka)

De (Gy) OSL age
(ka)

SS01 6.0 4–11 3.16 ± 0.04 14.76 ± 0.70 3.31 ± 0.40 17 ± 5 4.71 ± 0.33 16.37 ± 1.92 3.47 ± 0.48
SS02 6.5 38–63 2.63 ± 0.04 12.58 ± 0.70 2.94 ± 0.40 15 ± 5 3.92 ± 0.29 14.32 ± 0.50 3.65 ± 0.30
SS03 7.0 4–11 2.92 ± 0.04 12.65 ± 0.70 4.21 ± 0.40 9 ± 5 5.11 ± 0.37 19.23 ± 1.21 3.77 ± 0.36
SS04 7.5 4–11 2.83 ± 0.04 12.60 ± 0.70 5.18 ± 0.40 19 ± 5 4.61 ± 0.34 19.18 ± 1.21 4.16 ± 0.40
SS05 8.0 38–63 1.92 ± 0.04 9.19 ± 0.70 2.171 ± 0.40 14 ± 5 2.93 ± 0.23 13.35 ± 0.41 4.56 ± 0.38

Note: SS, silty sand.
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at 50°C for 2min and then increased to 220°C at 3°C/min and
maintained for 1min. Nitrogen (99.999% purity) was utilized as the
carrier gas at a flow rate of 1 ml/min. The ion source temperature
was maintained at 250°C and a 70 eV electrode was used for
ionization. Finally, the compounds were identified by comparison
with the National Institute of Standards and Technology (NIST)
mass spectra library.

X-Ray Powder Diffraction Analysis
The mineral composition of sediments was determined through
XRD analysis at the Qinghai Institute of Salt Lake, Chinese
Academy of Sciences (Xining, China), using an X Pert-PRO
diffractometer (BRUKER, Germany) with a CuKα radiation
source and a scanning speed of 0.02°/s. The applied voltage
and tube currents were 45 kV and 30 mA, respectively.

Quantification of Total Organic Carbon
Quantification of total organic carbon (TOC) was performed as
per the procedure previously reported by Wu et al. (2012), with
some modifications. Briefly, 2 g of sample was treated with 20 ml
of 1 mol/L hydrochloric acid, then washed with deionized water
five times until the acid was removed and dried in a crucible at
900°C. The sample was ground to a powder using an element
analyzer (Elementar, Germany) and decomposed at 950°C.
Finally, the carbon mass percentage was determined.

n-Alkane Analysis
The salt lake sediments were subjected to two cycles of
extraction using an accelerated solvent extractor (Dionex
ASE 350, Thermo Scientific, United States) with
dichloromethane/methanol (93:7) at 100°C and 1,600 psi. The
n-alkane was separated using a deactivated silica gel column
eluted with n-hexane. The n-alkane concentration was
quantified using the GC-MS system (7890B/5977B, Agilent
technologies, United States). The capillary column was an
HP-5MS silica capillary column (30 m × 250 μm × 0.25 μm),
coated with 5% phenyl methyl silox. The GC-oven temperature
was initially 50°C (held for 1 min), then increased to 315°C (held
for 16 min) at 8°C/min. Individual n-alkanes were identified and
quantified by comparing with the spectra obtained using an
alkane-mixture standard (C10-C40, Fluka, United States).

RESULTS

Mineralogy and Total Organic Carbon
The XRD spectra show that the mineral components in all
samples were similar. Results indicate that the sediment
samples were comprised of halite, quartz, albite, muscovite,
gypsum, chlorite, calcite, aragonite, and dolomite (Table 2).
However, the two different lithologic strata exhibited
significant differences in the content of halite and detrital
minerals (quartz, albite, and muscovite). SS strata samples
exhibited the characteristics of low salinity and a high content
of detrital minerals, while SB strata samples exhibited the
opposite characteristics of high salinity and a low content of
detrital minerals. Quartz was the most dominant detrital mineral
in the SS strata (relative proportion of up to 41%), followed by
muscovite and albite. In contrast, in the SB strata, quartz occurred
at low concentrations andmuscovite and albite were not detected.

Other than detrital minerals, samples also contained carbonate
(calcite), sulfate (gypsum), silicate, and halite minerals. The
content of silicate ranged from 72 to 84%. Sulfate was
identified in all sediments, although the content of carbonate
in SB strata was only 1%. Generally, the mineral components were
more abundant in the SS strata than in the SB strata.

The TOC content of lake sediment samples is also presented in
Table 2, exhibiting differences in the samples from different
sediment strata. The TOC values ranged from 0.02 to 0.17%, with
the TOC content of SS strata samples ranging from 0.12 to 1.17%
(mean 0.14%), while that of SB strata ranged from 0.02 to 0.04%
(mean 0.03%). The observed variation between strata may be
attributed to the differences in environment conditions and
external inputs during the formation of salt lake sediment layers.

Sediment Organic Matter Functional
Groups
The FTIR spectra of samples from the same stratum exhibit
similar patterns (Figure 3). FTIR spectra of samples from the SB
strata exhibit a more complex range of characteristic adsorption
peaks than SS strata samples, especially at the range of
2,000–400 cm−1. The determination of spectral peaks was
based on the characteristic peaks of relevant organic and

TABLE 2 | Mineral composition and TOC content in sediment samples with different lithological caharcteristics.

No. Halite Quartz Sodium
feldspar

Muscovite Gypsum Chlorite Calcite Dolomite TOC

%

SS01 7 30 18 19 13 6 5 2 0.14
SS02 16 32 12 21 6 7 4 2 0.12
SS03 7 30 15 27 6 8 5 2 0.17
SS04 4 41 19 18 3 6 6 3 0.12
SS05 5 36 18 19 7 7 5 3 0.15
SB01 96 2 nd nd 1 nd 1 nd 0.04
SB02 91 1 nd nd 8 nd nd nd 0.03
SB03 93 2 nd nd 5 nd nd nd 0.02
SB04 95 2 nd nd 2 nd 1 nd 0.04
SB05 62 3 nd nd 35 nd nd nd 0.03

Note: SS, silty sand; SB, salt-bearing strata; nd, not detected.
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inorganic component functional groups, as reported in the
literature (Table 3).

The absorbance band at 3,700–3,618 cm−1 corresponding to the
stretching of O−H bonds in kaolinite (Rahier et al., 2000), with this
band is only detected in SS. The absorption peak at 3,554–3,409 cm−1

was assigned to the stretching vibrations of O−H bonded hydroxyl
groups of alcohols, phenols, and water molecules (Ellerbrock et al.,
1999), as well as NH functional groups (Szymański, 2017). The
absorption peaks at 2,936–2,847 cm−1 were assigned to asymmetric
and symmetric stretching vibrations from aliphatic CH2 groups
(Dutta et al., 2013). The absorbance peaks at 1,869–1,678 cm−1

were attributed to the weak C�O stretching of conjugated ketones
and anhydride (Coates, 2006), as well as to carboxylic acids and
carbonyl bands in esters (Sarkhot et al., 2007), with these absorbance
bands detected in all sediment samples fromboth lithologic strata. The
bands in the region 1,645–1,620 cm−1 were attributed to the O−H
bending modes of water (Ramasamy et al., 2009). The absorbance
peak at 1,451–1,432 cm−1 was relatively complex, with Parolo et al.
(2017) relating this peak to CO3

2− vibrations in calcite and dolomite
group minerals, or C−H bending vibrations of CH3 and CH2 groups.
The band at 1,470 cm−1 was assigned as hydrogen-bonded O−C−O
stretching of the carbonate ion (Oh et al., 2005). The peak in the range
of 1,031–1,028 cm−1 may be related to the presence of OCH3 or OH
in alcohols (Rosa et al., 2016).

In addition to organic compounds, FTIR spectra also exhibited
characteristic absorbance peaks for inorganic components. The
absorbance band at 2,519–2,514 cm−1 was associated with the
vibrations of CO3

2− in calcite and dolomite group minerals.
Generally, bands occurring below 1,000 cm−1 are related to a

mixture of organic and inorganic compounds, such as quartz and
clay minerals (Haberhauer et al., 2000; Calderón et al., 2013). The
absorbance peak at 880–873 cm−1 was attributed to the same
CO3

2− vibrations as 2,519–2,514 cm−1. The band in the range of
837–747 cm−1, was assigned to Si−O−Si symmetrical stretching
vibration in quartz (Lü et al., 2013). According to Ellerbrock et al.
(1999), the band at 730–427 cm−1 was associated with inorganic
components such as kaolinite, quartz, and gypsum.

Sediment Organic Matter Characterization
by GC-MS
The characterization of SOM by GC-MS exhibited similar
molecular compositions for both lithologic strata. The
identified compounds included hydrocarbons, esters,
aldehydes, ketones, furans, phenols, and alcohols. However,
the proportions of these compounds in OM were significantly
different. A total of twenty-five to thirty-four compound types
were detected by GC-MS in SS, with phenols having the highest
content, followed by hydrocarbons and aldehydes, while alcohols
were only detected in sample SS02. The results are presented in
detail in the supporting information (Supplementary Table S1).

Phenolic compounds are one of the most important secondary
metabolites in plants (Karakaya, 2004), which are generally
weakly acidic and easily oxidized in the environment. Four
phenolic compounds were detected in SS strata samples,
accounting for 25.09–55.73% of OM (mean proportion of
41.92%), most of which were diphenols.

Among the detected hydrocarbons, alkanes accounted for a
distinctly larger proportion than other hydrocarbons. Alkanes are
thought to be derived from lipid breakdown and are important
biomarkers in geological analysis (Shanina, 2002; Fang et al.,
2014). In total, between 10 and 17 hydrocarbons were identified
in each SS strata sample, accounting for 29.33–56.02% of OM
(mean proportion of 40.44%), with the second highest abundance
after phenols. However, among all the identified compounds,
hydrocarbons accounted for the most compound types.

The content of aldehyde compounds in SS strata samples ranged
from3.47 to 19.24%ofOM (mean proportion of 10.19%). Among all
the detected aldehydes, the average proportion of nonanal was
highest. It is well established, that nonanal is an oxidative
catabolite of fatty acids (Yang et al., 2008). Therefore, the high
proportion of nonanal throughout the sediment depth profile
indicates periods of intense vegetation (Dąbrowska et al., 2014).

The esters detected in SS strata samples are mainly methyl,
butyl, and amyl esters, accounting for 3.34–11.41% of OM (mean
proportion of 6.85%). Two ketones were identified, include 3-
heptanone and methylheptenone. Ketones primarily result from
amino acid degradation (Zhuang et al., 2016), with amino acids
being the main protein units present in all living organisms. 2-
pentylfuran was the only furanoic compound detected in all SS
strata samples, accounting for 0.07–0.55% of OM (mean
proportion of 0.18%). Alcohols were only detected in sample
DP02, including 1-octanol and 2-ethyl-1-hexanol, with an
abundance of 1.23%.

A total of thirty-six to forty-five kinds of compounds were
detected in SB strata samples. Aldehydes (31.41–66.87%, mean

FIGURE 3 | FTIR spectra of different lithologic samples: (A) Silty sand;
(B) Salt-bearing strata.
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proportion of 48.65%) exhibited the highest abundance,
followed by hydrocarbons (16.25–40.61%, mean proportion
of 26.19%), esters (4.78–16.31%, mean proportion of
10.42%), phenols (3.45–8.18%, mean proportion of 8.66%),
ketones (1.88–5.53%, mean proportion of 2.28%), and
alcohols (0.05–0.34%, mean proportion of 0.15%). The results
are summarized in detail in the supporting information
(Supplementary Table S2).

n-Alkanes in Sediments
n-Alkanes with carbon numbers between C15 and C36 were found
in all samples (Figure 4). Short-chain n-alkanes (C15–C20) were
less abundant, with relative abundances varying from 1.15 to
8.61%, with an average content of 3.51%. The abundance of mid-
chain n-alkanes (C21–C25) varied from 9.37 to 35.99%, with an
average content of 24.54%. In contrast, the long-chain n-alkanes
(C26–C36) were highly abundant in all sediments, ranging from
53.25 to 83.99%, with an average content of 69.83%. In SB
sediments, the carbon maximum (Cmax) of long-chain
n-alkanes occurred at C31, while for SS sediments, the Cmax

occurred at C25 and C27. The carbon preference index (CPI)
values in SB sediments varied from 3.79 to 11.02 (avg 6.72), the
Pristane/Phytane (Pr/Ph) values varied from 0.23 to 0.83 (avg
0.41), and the Pr/nC17 and Pr/nC18 values varied from 1.03 to
1.62 (avg 1.35) and 0.98–1.17 (avg 1.11), respectively. In SS
sediments, the CPI values varied from 1.22 to 1.53 (avg 1.31),
the Pr/Ph values varied from 0.26 to 0.44 (avg 0.38), and the Pr/
nC17 and Pr/nC18 values varied from 0.70 to 1.54 (avg 1.16) and
1.20–1.87 (avg 1.46), respectively.

DISCUSSION

FTIR Analysis of Sediment Organic Matter
The identified FTIR absorbance bands from sediments in the
same stratum exhibited identical peak positions and comparable
absorbance intensities, indicating a similar molecular
composition of SOM. This observation is in agreement with
the previously reported results of Giovanela et al. (2010) and
Pongpiachan et al. (2013) who found similar molecular

compositions of SOM from within the same stratum or the
same area. In the present study, several similar peak positions
were found to exist in both strata, confirming that the same
organic matter was present in different strata.

FIGURE 4 | Distribution of n-alkanes in different lithologic strata of salt
lake sediments.

TABLE 3 | FTIR spectra band positions observed in the present study and reported in previous literature.

Peak position (cm−1) Proposed assignment

Current study Literature

3,700–3,618 3,700–3,600 Stretching of O−H bond in kaolinite (Omar et al., 2020)
3,554–3,404 3,600–3,400 Stretching of O−H bond in water, carboxyl, and hydroxyl groups (Somani et al., 2003)
2,926–2,847 3,000–2,800 The aliphatic CH2 stretching vibration (Yu et al., 2007)
2,519–2,514 2,515 Vibrations of CO3

2− in calcite and minerals of the calcite and dolomite groups (So et al., 2020)
1,869–1,678 1,870–1,675 C�O stretching of conjugated ketones and anhydride (Coates, 2006)
1,645–1,620 1,650–1,600 O−H bending modes of water or hydroxyls (Cocozza et al., 2003)
1,451–1,432, 1,471 1,450–1,430, 1,470 C−H bending vibrations of CH2 and CH3 groups and vibrations of CO3

2− in calcite, O−C−O stretching of the carbonate ion
(Parolo et al., 2017)

1,168–1,078 1,116–1,080 Secondary alcohols (Laudicina et al., 2015)
1,031–1,028 1,080–1,030 Vibrations of OCH3 as well as OH in alcohols (Senesi et al., 2003)
880–873 887–866 Vibrations of CO3

2− in calcite and minerals of the calcite and dolomite groups (So et al., 2020)
837–747 830–750 Si−O−Si symmetrical stretching vibration (Hao, 2001)
730–427 800–400 Inorganic components (such as kaolinite, quartz, and gypsum) (Ellerbrock et al., 1999)
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Despite the broad similarities in SOM chemical composition
between the two different lithologic strata, there were significant
differences observed in the relative abundance of certain C
functional groups and distribution trends within strata.
Compared with SS strata, five sediments of SB strata generally
exhibited a higher content of ketone C�O groups
(1,869–1,678 cm−1) and a lower content of aliphatic C
(2,926–2,847 cm−1), with an equal abundance of alcohols
(1,168–1,078 cm−1 and 1,031–1,028 cm−1) (Figure 3). The
enrichment of aliphatic C forms in SS strata may be associated
with a more advanced stage of OM decomposition (Omar et al.,
2020), with the persistence of aliphatic C groups during
decomposition suggesting that it may represent relatively
stable and recalcitrant forms of C in sediments (Lorenz et al.,
2007; Calderón et al., 2011). Therefore, OM and the
microorganisms that can decompose OM should be more
abundant in SS than in SB strata. A lower abundance of
ketone C�O groups (1,869–1,678 cm−1) was observed in SS
strata. According to Ndwigah et al. (2013), ketones are mainly
produced by halophilic fungi, supporting the theory that the SB
layer was deposited in an arid climate under increased salinity
conditions. Alcohols exist widely in organisms and sediments,
and the genesis of alcohols in sediments is extremely complex,
which not only depends on the source of OM, but is also affected
by many factors such as biochemistry and geochemistry (Duan
et al., 1995). Previous studies on the genesis of alcohols have been
based on characteristic organisms and different sedimentary
environments, with the main influencing factors including
either alga (Robinson et al., 1986; Nichols et al., 1990) or
terrestrial organic matter (Volkman et al., 1987; Goossens
et al., 1989). This result explains why the alcohol content of
the different strata is almost the same, despite the SS sedimentary
environment being different from that of SB strata.

Furthermore, the SS strata exhibited an abundance of characteristic
peaks for carbonate (2,519–2,514 cm−1, 1,451–1,432 cm−1,
1,471 cm−1, and 880–873 cm−1) and detrital minerals
(730–427 cm−1). According to Keil et al. (1994), OM is associated
with mineral grains, which subsequently reduces the rate of
decomposition (Wang and Lee, 1993), with OM primarily filling
the mineral pores of quartz aggregates, forming OM networks (Zhao
et al., 2017b). Detrital minerals are mainly composed of quartz,
sodium feldspar and muscovite, with these compounds serving a
significant role in the diagenetic process and reflecting extrabasinal
and intrabasinal sediment inputs (Zhao et al., 2017a). In general,
detrital minerals come from peripheral areas of the lake and are
supplied by processes including surface run-off, river transport,
atmospheric rainfall, and lakeshore erosion (Shen et al., 2010). In
humid climates, increased precipitation promotes surface run-off,
carrying the insoluble detrital minerals into the salt lake and
depositing them directly on the bottom of the lake bed. As a
result, the paleoclimate appears to be warmer and wetter after 4 ka
BP, with the exogenous OM and TOC content in SS strata being
higher than in SB strata.

SOM Analysis by GC-MS
GC-MS analysis showed that the molecular types OM in different
lithologic strata are relatively similar, with the identified

substances classified into seven types, including aldehydes,
hydrocarbons, phenols, esters, ketones, alcohols, and furans.
The proportional abundances of different types of OM in
different lithologic strata are shown in Figure 5.

Different strata have different distributions of organic
molecular types. SS strata contain the highest content of
phenolic substances, while the content of hydrocarbons is
close to that of phenolic substances, with the total content of
the two substances being more than 80%. The main sources of
phenols in sediments are root exudates, microbial secretions, and
plant tissue decomposition (Bao et al., 2013a, 2013b; Vane et al.,
2013), while hydrocarbons are affected by many factors such as
organic source, microbial activity, and the redox environment
(Wu et al., 2001). In view of the particular characteristics of salt
lake sediments, exogenous OM and microbial communities
significantly contribute to the OM content in SS strata. In SB
strata, the content of aldehydes accounts for almost half of the
OM. In high salinity environments, aldehydes are mainly
produced by algae (such as diatoms) (; Chen et al., 2014a;
Chen et al., 2014b) and therefore, the main contributor to OM
in SB strata is likely to be algae.

In general, according to the sedimentary characteristics of the
salt lake, the environmental conditions of SB strata during the
sedimentary period are more extreme than for SS strata (Shen
et al., 2010). However, more organic compounds were identified
in SB strata (mean of 41 compounds) than in SS strata (mean of
30 compounds). This observation is partially supported by a
previous study showing that the higher salinity of halite may
affect the enrichment of some organic compounds (Strehse et al.,
2018). Higher salinity also results in stratification of the water
column, creating an anoxic sedimentary environment and
inhibiting bacterial proliferation (Zhu et al., 2004), thereby
reducing the consumption of OM. Klinkhammer and Lambert
(1989) presented evidence for organic carbon preservation in
high salinity sediments, while Jellison et al. (1996) reported a
positive correlation between the accumulation of organic carbon
and salinity levels. Overall, these phenomena may be attributed to
the specific characteristics of sediment layers, such as salinity and
biological composition.

The main differences in OM between the two strata layers are
the proportions of phenols and aldehydes (Figure 6). The
proportion of phenols in the SS strata was much larger than
in the SB strata, while the proportion of aldehydes in the SB strata
was higher than in the SS strata. Many organisms have developed
protective mechanisms allowing phenol to be used as their sole
carbon and energy source (Schie and Young, 2000). Thus, the
degradation of phenols by halophilic bacteria in high salinity
environments is of relevance (Peyton et al., 2002; Li et al., 2019).
Haddadi and Shavandi (2013) reported a Halomonas sp. strain
that exhibited the ability to utilize phenol as the sole carbon and
energy source in saline environments. Preliminary evidence has
been reported that indicates that phenol degradation proceeds in
some halophilic bacteria through a meta-cleavage pathway
(Acikgoz and Ozcan, 2016). The survival and activity of
halophilic bacteria are better suited to the environment of SB
strata than SS strata, leading to more phenol degradation in SB
strata. This phenomenon also results in a larger reduction in the
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proportion of phenols in SB strata. In addition, it further confirms
that the paleoclimate of 4 ka BP appears to have been more
extreme and that phenols may be a potential biomarker for
reconstruction of the paleoclimate in this period. This is
partially supported by a previous study showing that lignin
phenol can be used as a biomarker for paleovegetation in soils
(Kovaleva and Kovalev, 2015).

Algae are another main producer of OM in high salinity
environments, with a large number of aldehydes produced at
the same time. Especially in the later stage of diatom growth, the
content of aldehydes continues to increase, with previous studies
reporting that the content of aldehydes can reach up to 46.8% of
the total volatile fraction (Chen et al., 2014a). In a previous study
on nine kinds of diatoms, Chen et al. (2014a) found that nonanal
was dominant among the volatile aldehydes of diatoms in the
later stage of sedimentation. This result corresponds to the
observed content of nonanal in the present study. Therefore, it
may be inferred that the higher content of aldehydes in the SB
strata occurs mainly due to the higher abundance of diatoms in
salt lake water during the sedimentary period, as compared to SS.
The aldehyde content also confirmed that the paleoclimate

around 4 ka BP changed from cold and dry to relatively warm
and wet.

Correlation Analysis Between Mineral
Composition and Organic Matter
In this study, correlation analysis was performed between detrital
minerals and various types of OM in all samples (Table 4).
Results show a strong positive correlation between detrital
minerals and phenols, with a strong negative correlation
between detrital minerals and aldehydes, which was consistent
with the results of GC-MS and XRD analysis. However, a negative
correlation between detrital minerals and ketones was observed.
According to Schmidt et al. (2015), most volatile OM
components are considered to be side products of primary and
secondary metabolism, with ketones produced by bacteria or
fungi (Piechulla and Degenhardt, 2014). These findings agree
with the results of a previous study, showing that some halophilic
fungal species in salt lakes were able to produce a wide range of
secondary metabolites such as ketones (Ndwigah et al., 2013).
Therefore, it can be preliminarily determined that the production
of ketones in this study may be closely related to some halophilic
fungi in lake sediments, indicating that ketones should be
produced in large quantities in salt lakes under arid climate
conditions.

OM is always associated with mineral grains (Keil et al., 1994)
in lake sediments and due to the high salinity in salt lake
sediments, OM is mainly formed by microorganisms (Han
et al., 2020) and algae (Meyers and Ishiwatari, 1993). Detrital
minerals serve a significant role in the diagenetic process and
reflect extrabasinal and intrabasinal sediment inputs in salt lake
environments (Zhao et al., 2017b). In general, detrital minerals
originate from peripheral areas of the lake and are supplied by
processes including surface run-off, river transport, atmospheric
rainfall, and lakeshore erosion (Shen et al., 2010). In humid
climates, increased precipitation levels promote higher levels of
surface run-off, carrying insoluble detrital minerals into the lake
and depositing them directly on the bottom of the salt lake. This
spatial distribution of detrital mineral in sediments shows that the
preferential feeding areas correspond to SS in our study. The high

FIGURE 5 | Organic matter content in different lithologic strata.

FIGURE 6 | Differences in the distribution of organic matter in different
lithologic strata.
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abundances of quartz and feldspar in the sediments reveal a
period of active detrital input. Wirrmann et al. (2001)
demonstrated that detrital mineral flux can be used as a proxy
indicator for the mean rainfall intensity and based on this,
precipitation during SS deposition was higher than during SB
deposition. Furthermore, the content of detrital minerals
increases while salinity is simultaneously reduced, which is
consistent with the results of XRD analysis in the present
study. This conclusion is supported by Yang (2015) who
reported the occurrence of frequent catastrophic floods by the
Nalinggele River during the 4.7–3.5 ka BP period.

The correlation between mineral composition and OM in the
sediments of East Taijinar salt lake, demonstrates that the
concentrations of aldehydes and ketones were relatively high
due to the dry climate during the period of deposition and the
relative development of halophilic algae in the lake prior to 4 ka
BP. However, with adaptation of the climate to warm and humid
conditions, a large amount of exogenous OM was imported,
resulting in a relative increase in the phenol content after 4 ka BP.
Meanwhile, the detrital mineral flux in different strata also
confirmed that the paleoclimate had changed from dry and
cool to warm and wet in the 4 ka BP period.

Further Verification of Paleoclimate
Changes Around 4ka BP Using the Content
of n-Alkanes
n-Alkanes in sedimentsmainly originate from fatty acids andwaxes in
organism cells (Sachse et al., 2004), serving as widely studied
biomarkers that are widely distributed in soils (Wang et al., 2007),
loess deposit (Zeng et al., 2011), and lacustrine deposits. Bacteria and
algae produce both odd and even carbon number short-chain
n-alkanes (Meyers, 2003), while the abundance of odd long-chain
n-alkanes (C27–C31) has been extensively utilized as an indicator of
terrestrial or land-derived OM (Pearson and Eglinton, 2000; Zhao
et al., 2003). In the present study, the SS sediments samples exhibited
an odd-over-even predominance and were mainly dominated by C31,
while SB sediment samples were dominated by C25 and C27 without
an odd-over-even predominance. This result is in agreement with a
previous study showing that long-chain n-alkanes can also be
produced by bacteria and algae, although these long-chain
n-alkanes do not exhibit an odd-even dominance (Castañeda and
Schouten, 2011).

The nC31/nC29 ratio of n-alkanes in sediments is often used as
an indicator of environmental and paleoclimate change (Meyers
and Ishiwatari, 1993). It has been shown that nC31 is the main
n-alkanes peak in herbaceous plants, while nC29 is the main
n-alkanes peak in woody plants. When herbaceous plants are
dominant, the climate tends to be warm and humid, resulting in
nC31 being the main n-alkane compound; when woody plants are
dominant, the climate tends to be cold and dry, resulting in
n-alkanes being dominated by nC29 (Cranwell, 1973; De las Heras
et al., 1989). Therefore, nC31/nC29 > 1.0 indicates that the climatic
environment in this period was relatively warm and humid, while
nC31/nC29 < 1.0 reflects that the climatic environment was cold
and dry. The established nC31/nC29 ratios are presented in
Figure 2, with the ratio of nC31/nC29 ranging from 0.64 to
0.79 in SB, while the values were >1.0 (1.41–2.31) in SS
sediments. Therefore, the paleoclimate around 4 ka BP during
the sedimentary period ranging from SB to SS, changed from dry
and cool to warm and wet.

Furthermore, CPI values > 1.0 indicate terrestrial OM inputs
(Bray and Evans, 1961). The CPI values in SS sediments ranged from
3.79 to 11.02 (avg 6.72), demonstrating that the main source of OM
appears to be terrestrial in SS sediments. The Pr/Ph, Pr/C17, and Pr/
C18 values are presented in Figure 2. The Pr/Ph ratio is used in a
lacustrine setting to infer the oxic vs anoxic state during OM
deposition, with Pr/Ph ratios <1.0 indicating anoxic conditions,
whereas values > 1.0 reflect suboxic to oxic environments (Didyk
et al., 1978). The Pr/Ph value of East Taijinar salt lake sediments
from around the 4 ka BP period, suggest that deposition occurred
under anoxic conditions due to the overlying lake water. It has been
reported that Pr/nC17 and Pr/nC18 values of OM without
degradation are very low (0.1–0.5), while higher values occur
when OM is degraded by microorganisms (Zhao et al., 2016). In
the present study, the ratio of Pr/nC17 (0.70–1.62 avg 1.26) and Pr/
nC18 (0.98–1.87 avg 1.28) indicate strongmicrobial activities in East
Taijinar salt lake sediments around the 4 ka BP period.

These findings indicate that the OM in SS sediments was
mainly terrestrial OM, while the OM in SB sediments could have
a bacterial and algal source. The paleoclimate of the SB deposition
period appears to be drier than that of SS deposition period, with
the climate becoming warmer after the 4 ka BP period.
Furthermore, the OM in all sediment samples was found to be
strongly affected by microorganisms in anoxic environments,
which is consistent with the results on OM distribution

TABLE 4 | Correlation analysis between clastic rocks and organic matter.

Detrital
minerals

Aldehydes Hydrocarbons Esters Phenols Ketones Alcohols Furans

Detrital minerals 1 −0.863** 0.574 −0.394 0.899** −0.704* −0.618 0.070
Aldehydes 1 −0.745* 0.186 −0.877** 0.670* 0.285 0.009
Hydrocarbons 1 −0.271 0.414 −0.681* −0.123 0.388
Esters 1 −0.380 0.653* 0.299 0.226
Phenols 1 −0.681* −0.471 −0.266
Ketones 1 0.457 −0.090
Alcohols 1 −0.383
Furans 1

Note: *p ≤ 0.05, significant correlation; **p ≤ 0.01, extremely significant correlation.
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characteristics, further confirming the importance of OM in
paleoclimate change.

CONCLUSION

This study preliminarily investigates the spectral characteristics
and volatile organic composition of East Taijinar salt lake
sediments around 4 ka BP. XRD, FTIR, and GC-MS analysis
enabled the characterization of sediment OM. The TOC
concentration was significantly lower in SB strata than SS
strata, which may be attributed to environmental differences
during the formation of salt lake sediments. FTIR
spectroscopy showed a relative enrichment of ketone C�O
groups in SB strata, and a decrease in aliphatic C compared
with the SS strata. These findings are confirmed by the results of
GC-MS analyses and the relationship between OM and detrital
minerals. The high content of phenols in the SS strata indicates
that the organic sources and microorganisms contribute greatly
to the OM content of SS, with the paleoenvironment likely being
warm and humid. The high content of aldehydes in SB strata
indicates a high abundance of diatoms in the salt lake water
during the sedimentation period, with the climate likely to be
relatively dry and cool at that time. Correlation analysis showed a
strong positive correlation between detrital minerals and phenols,
while a strong negative correlation was observed between detrital
minerals and aldehydes, and a negative correlation was also
observed between detrital minerals and ketones. The
correlation analysis results indicate that OM in SS sediments
is strongly affected by exogenous organic inputs, with the detrital
mineral flux in different strata further confirming that the climate
had changed from cool and dry, to wet and warm at 4 ka BP. The
analysis of n-Alkanes in sediments, provides a tool to sensitively
monitor paleoclimate changes in the middle area of the QB
around the 4 ka BP period. Overall, the dominant carbon
number, nC31/nC29 ratio and CPI values all indicate that the
climate changed from dry to warm, confirming that the spectral

characteristics and content of VOCs in salt lake sediments are
related to paleoclimate changes.
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Detailed Processes and Potential
Mechanisms of Pliocene Salty Lake
Evolution in theWesternQaidamBasin
Qingda Su1, Hannah Riegel2, Lisha Gong1*, Richard Heermance3 and Junsheng Nie1*

1Key Laboratory of Western China’ Environmental System (Ministry of Education), College of Earth and Environmental Sciences,
Lanzhou University, Lanzhou, China, 2Department of Geological and Environmental Sciences, Appalachian State University,
Boone, NC, United States, 3Department of Geological Sciences, California State University Northridge, Northridge, CA,
United States

Hyperarid climate and salty lakes prevail in the current Qaidam Basin, but this basin was
once a large paleolake until the early Quaternary. However, its evolution history and
relationship with climate and tectonics are still elusive. Here we present detailed
stratigraphic descriptions combined with total organic carbon content and weight ratio
of organic carbon to total nitrogen records from fluvio-lacustrine sediments in the western
Qaidam Basin to infer how the lake evolved during the late Pliocene-early Pleistocene.
These data reveal a drying trend since 3.3 Ma, which we attribute to low latitude forcing
and/or local tectonic activities. However, this trend was interrupted during 2.84–2.48 Ma,
in which climate wetting was observed. We attribute the climate wetting during
2.84–2.48 Ma to intensified East Asian summer monsoon as is documented by the
Chinese Loess Plateau records. Halite and gypsum content increased dramatically
after 2.5 Ma, indicating the formation of salty lake in the western Qaidam Basin. These
data improve our understanding of the detailed processes of Qaidam aridification and its
potential forcing mechanisms.

Keywords: total organic carbon, Pliocene, salty lake, Qaidam Basin, Tibetan Plateau

INTRODUCTION

The Qaidam Basin (QB), with an area of ∼80,000 km2 and an average elevation of ∼2.7 km above sea
level, is the largest internally drained basin on the northeastern Tibetan Plateau (Fang et al., 2007). A
hyperarid climate prevails with mean annual precipitation <50 mm and evaporation >1,000 mm in
this basin (Wu et al., 2011; Cai et al., 2012; Wang et al., 2013). The basin is largely covered by dry salt
playas, with only minor desert vegetation and hypersaline lakes (Wang et al., 2012). However,
previous studies suggest that a huge Qaidam paleolake might have existed during the Eocene (Wang
et al., 2006; Yin et al., 2008a, Yin et al., 2008b; Zhang et al., 2018; Liang et al., 2021), which expanded
from the Oligocene to the Miocene (Yang, 1986; Wu and Xue, 1993), and broke into several small
lakes likely during the Quaternary (Han et al., 2014; Lu et al., 2015). However, due to the scarcity of
continuously dated sediment records (Lu et al., 2015; Fang et al., 2016), how the Qaidam paleolake
evolved into its hyperarid condition remains relatively unknown. Furthermore, lack of such records
prevents understanding the underlying forcing mechanisms for Qaidam drying and central Asian
aridification.

Here we report lithofacies, total organic carbon (TOC), and weight ratio of organic carbon to total
nitrogen (C/N) data for the Huatugou (HTG) section in the western Qaidam Basin in order to clarify
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the above question. TOC coupled with C/N ratio in fluvio-
lacustrine sediments is sensitive to lake shrinkage and
expansion and has been widely used to reflect variations of
terrestrial input relative to lake productivity (Liu et al., 2013;
Fan et al., 2017). Normally, >20 C/N ratio indicate terrestrial
organic matter in lacustrine setting (Talbot and Lærdal, 2000),
therefore a higher TOC coupled with a higher than 20 C/N ratio
points toward terrestrial organic matter dominating TOC in lake
sediments, indicating more terrestrial input relative to lake
productivity (Talbot and Lærdal, 2000).

MATERIALS AND METHODS

Geological Setting
The Qaidam Basin is located at the northeastern Tibetan Plateau,
surrounded by the Altyn Shan to the northwest, the Qilian Shan

to the northeast, and the Kunlun Shan to the southwest
(Figure 1). It is far from any major moisture source and is in
the rain shadow zone of the Tibetan Plateau and central Asian
mountain ranges (Fang et al., 2007; Heermance et al., 2016). Its
climate is cold (mean annual temperature 0–5°C), windy and dry.
Hyperarid conditions combined with internal drainage within the
basin have resulted in extensive evaporite and playa deposition
throughout the Quaternary (Chen and Bowler, 1986; Fang et al.,
2008; Heermance et al., 2016; Zhang et al., 2012; Wang et al.,
2013). ∼12,000 m of sedimentary strata has been deposited in the
basin since the early Cenozoic (Huang et al., 1996). These strata
are divided into seven formations: the Lulehe Formation (Fm.),
Xiaganchaigou Fm., Shangganchaigou Fm., Xiayoushashan Fm.,
Shangyoushashan Fm., Shizigou Fm., and Qigequan Fm. (Fang
et al., 2007; Wang et al., 2007; Lu and Xiong, 2009; Zhuang et al.,
2011; Chang et al., 2015; Bush et al., 2016; Wang et al., 2017; Nie
et al., 2020).

The studied HTG section lies on the southern flank of the
Nanyi Shan (Figure 1B). The 476-m sedimentary strata consist of
evaporite, shale, siltstone, sandstone, and rare conglomerate
corresponding to the fluvio-lacustrine sediment of the Shizigou
Fm., and Qigequan Fm. (Luo et al., 2018). The age model of HTG
section is ∼3.9–2.1 Ma based on paleomagnetic dating by Luo
et al. (2018). Milankovitch cycles are detected in the magnetic
susceptibility record (Su et al., 2019a), demonstrating the validity
of the paleomagnetic age model.

Methods
For TOC analysis, a total of 298 crushed bulk samples (40–50 mg
ea.) were reacted with 3 mol/L HCl to remove carbonates before
being wrapped in tin capsules. The wrapped samples were then
heated to 1,800°C in a flow of oxygen using a Vario EL CubeFIGURE 1 | (A) Schematic summer atmospheric circulation pattern in

Asia and topography of Himalayan-Tibetan orogen (modified from Zhuang
et al., 2011). EASM: East Asian summer monsoon, ISM: Indian summer
monsoon. (B)Geological map of the western Qaidam Basin and location
of the Huatugou section [38°18.16′-38°15.5′N, 91°31.13′−91°34.2′E; labeled
with red star, modified from Chang et al. 2015, Luo et al. (2018)]. HTG:
Huatugou section, AFT: Altyn Tagh Fault. White dashed line depicts the
modern Asian summer monsoon limit (Gao, 1962).

FIGURE 2 | Stratigraphic column of the Huatugou section in the western
Qaidam Basin. The 476-m strata were subdivided into three units (Units 1–3)
based on lithofacies associations and depositional environments.
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elemental analyser (Elementar Analysensysteme, Germany). The
combustion of the sample and absorption of the released CO2

were performed in the automated mode. The mass content of
carbon in the sample was calculated using the proprietary
software provided by the device manufacturer. For each set of
analyses, calibration was performed against acetanilide.

RESULTS

Lithofacies of the Huatugou Section
The 476-m strata were divided into three units (Units 1–3) based
on lithofacies associations and depositional environments
(Figure 2): Unit 1 (0–273 m; playa-fluvial-lacustrine), Unit 2
(273–371 m; playa–fluvial), and Unit 3 (371–476 m;
playa–evaporite).

Unit 1: Playa-Fluvial-Lacustrine (0–273m)
Unit 1 is characterized by massive mudstone interbedded with
fine grained sandstone beds. The evaporite layers started to
appear at the base of the section (halite layer at 3.8 m and

gypsum layer at 7.9 m). Evaporite layers in Unit 1 are least
frequently observed of the entire sequence. Unit 1 is
interpreted as littoral to sublittoral lacustrine sedimentation in
an internally drained, playa environment (Pietras and Carroll,
2006). We note that fluvial layers are less frequent for the upper
portion of this unit (ca. 150–273 m), and this portion is
dominated by playa-lacustrine.

Unit 2: Playa–Fluvial (273–371m)
Unit 2 is dominated by fine-medium grained sandstone beds with
more frequent occurrences of evaporite layers (gypsum and
halite) than Unit 1, approximately every 2.4 m. Unit 2 is
interpreted as a sand flat and perennial shallow lacustrine
environment (Gierlowski-Kordesch and Rust, 1994). The
overall increase in grain-size and appearance of medium
sandstone beds suggest an increase in sediment-input from
fluvial erosion.

Unit 3: Playa–Evaporite (371–476m)
Unit 3 is dominated bymassive mudstone with interbedded halite
and gypsum beds. This unit has the highest frequency of evaporite

FIGURE 3 | Paleoenvironmental proxy records and corresponding stratigraphic column of the Huatugou section in the western Qaidam Basin, NE Tibetan Plateau.
(A–C) The χlf, χfd, and χfd/HIRM records (Su et al., 2019a; Su et al., 2019b). (D) The >63 μm fraction grain size record (Su et al., 2019b). (E–F) The TOC and C/N records.
Larger TOC values correspond to higher C/N ratio values, suggesting terrestrial organic matter input. Themagnetostratigraphy of the Huatugou section was derived from
Luo et al. (2018).
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beds, occurring every 2.1 m, which implies either regular times of
hyper-concentrated brine within the lake or frequent desiccation.

TOC and C/N Ratio Records
The TOC and C/N ratio records show similar patterns and can be
divided into four phases for this set of fluvio-lacustrine sediments,
with boundaries at 158, 273, and 380 m (corresponding to 3.3,
2.84, and 2.48 Ma, respectively, Figures 3, 4).

The TOC content record shows high amplitude fluctuations in
Phase 1 (0–158 m, corresponding to 3.9–3.3 Ma; Figure 4) and
Phase 3 (273–380 m, corresponding to 2.84–2.48 Ma; Figure 4).
The TOC values vary from 0.14–1.59% in Phase 1 and
0.34–1.76% in Phase 3, but almost all the TOC values are
below 1% in Phase 2 (158–273 m, corresponding to
3.3–2.84 Ma; Figure 4) and Phase 4 (380–476 m,
corresponding to 2.48–2.1 Ma; Figure 4). Similarly, the C/N
ratio values show high amplitude fluctuations in Phase 1 and
Phase 3 varying between 1.1 and 43.4, but most of the C/N ratio
values are below 10 in Phase 2 and Phase 4.

DISCUSSION

Environmental Implications of TOC and C/N
Ratio Variations
C/N ration is a useful proxy to distinguish different carbon
sources in lacustrine sediments (Talbot and Lærdal, 2000).
C/N ratios of aquatic vegetation are generally between 4 and
10, whereas C/N ratios of terrestrial plants are generally greater
than 20 (Talbot and Lærdal, 2000). The C/N ratio values in Phase
1 and Phase 3 are frequently greater than 20, suggesting that
organic matter in those intervals was mainly derived from
terrestrial plants transported by rivers. 83% of C/N ratio
values in Phase 2 and Phase 4 are below 10, suggesting a low
lake productivity and lack of terrestrial derived organic matter.
One may question whether high C/N ratios in the study site are
aligned with large grain size and fluvial transport, so that this ratio
can not be used to infer terrestrial derived organic matter.
However, few large grain size intervals (corresponding to
fluvial input) correspond to higher than 20 C/N ratio,

FIGURE 4 | Late Pliocene paleoenvironmental records from the Huatugou section and the SG1 core in the western Qaidam Basin. (A) The >63 μm fraction grain
size record (green line) and the χfd/HIRM record (black line, Su et al., 2019b) of the Huatugou section in the western Qaidam Basin. (B) The TOC record (black line) and
C/N ratio record (yellow line) of the Huatugou section in the western Qaidam Basin. (C–D) The aragonite record (Fang et al., 2016) and the artemisia record
(Koutsodendris et al., 2019) from the SG1 core in the western Qaidam Basin. (E)Marine δ18O record (Zachos et al., 2001). Three phase boundaries at ∼3.3, ∼2.84,
and ∼2.48 Ma are labeled with red dashed lines.
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suggesting that higher than 20 C/N ratios correspond to
lacustrine setting. Following this observation, we interpret the
intervals with higher TOC and C/N ratio during Phases 1 and 3 as
climate wetting.

Evolution of Western Qaidam Paleolake
During 4–2Ma
The evolution of Qaidam paleolake is divided into four phases
based on TOC and C/N ratios during the Plio-Pleistocene: Phase
1 (3.9–3.3 Ma), Phase 2 (3.3–2.84 Ma), Phase 3 (2.84–2.48 Ma),
and Phase 4 (2.48 Ma–2.1 Ma).

The lithofacies, TOC and C/N ratio records from the HTG
section suggest an open lake and a regularly wetting climate
before 3.3 Ma (Phase 1, Figure 4). This inference is consistent
with grain size and χfd/HIRM records from the Qaidam Basin
(Figure 4, Su et al., 2019b). We interpret that during a wetting
climate, terrestrial plants flourished in the surrounding regions,
resulting in more terrestrial organic matter being transported to
the depositional region.

The TOC and C/N ratio records from HTG section suggest
the Qaidam paleolake changed from an open lake to closed,
salty lake at ∼3.3 Ma (Figure 4). Previous studies from the
Qaidam Basin consistently suggest a phase of drying at
∼3.3 Ma (Heermance et al., 2016; Fang et al., 2016; Su et al.,
2019b). For example, in the Northeast Qaidam Basin, a change
from wetter fluvial/overbank strata to playa-lacustrine and
evaporite strata occurred around 3.3 Ma (Heermance et al.,
2016). A drying climate is observed in the western Qaidam
Basin as is recorded by mineral composition records
suggesting a brackish lake with higher Mg/Ca and higher
salinity after 3.3 Ma (Fang et al., 2016). Moreover, our χfd/
HIRM and grain size data from the HTG section in
northwestern Qaidam Basin reveal a phase of drying in the
Qaidam Basin at ∼3.3 Ma (Su et al., 2019b; Figure 4). Coupled
with previous studies from the western Qaidam Basin, we
interpret the hydrological transformation at ∼3.3 Ma as a
result of intensified aridity (Phase 2; Figure 4). Pliocene
tectonic uplift in the study region can be one forcing for
the observed drying (Lu et al., 2015). Alternatively, closure
of the Indonesian Seaway and associated sea surface
temperature (SST) decrease of the Indian Ocean is another
or additional potential way to explain central Asian drying at
∼3.3 Ma (Su et al., 2019b).

Interestingly, superimposed on the long-term drying trend, a
wetting climate in the Qaidam Basin occurred between 2.84 and
2.48 Ma (Figure 4). Sedimentological evidence from the same site
also indicates regular occurrences of fluvial system and wetter
conditions between 2.84 and 2.48 Ma. Previous studies
demonstrate a stepwise drying of central Asia since the
Pliocene (Fang et al., 2008; Han et al., 2014; Lu et al., 2015).
However, superimposed on the long-term drying trend, a phase
of undetected climate wetting did occur in the Qaidam Basin
during 2.84–2.48 Ma. This wetting is not unique to this site. For
example, averaged artemisia content decreased from 25.3% in
Phase 2 to 24.3% in Phase 3 (Figure 4, Koutsodendri et al., 2019),
suggesting climate wetting. Interestingly, aragonite content

increased from Phase 2 to Phase 3 (Figure 4, Fang et al.,
2016), different from the artemisia content variations. We
argue that biological proxies may better reflect regional climate
than evaporite mineral content. Therefore, we chose to use the
biological data.

Global climate was experiencing a cooling trend since 3.6 Ma
(Lisiecki and Raymo, 2005), so it is hard to attribute the observed
intensified precipitation in the study site during 2.84–2.48 Ma to
global forcing. Previous research suggests that stronger East Asian
summer monsoon (EASM) precipitation likely penetrated further
inland, which could bring more moisture to this inland basin (Liu
and Ding, 1998). The magnetic susceptibility records from the
Chinese Loess Plateau indicates an intensified Asian summer
monsoon during this interval (An et al., 2001; Nie et al., 2014).
Thus, we attribute the late Pliocene wetting of the Qaidam Basin
to enhancing EASM. Alternatively, increased moisture input
from westerly source is another possibility. However, evidence
for westerly moisture input increase at this time interval is
lacking.

Halite and gypsum content increased dramatically after
2.5 Ma (Figures 3, 4), indicating the formation of salty lake
and intensified aridification at ∼2.5 Ma in the western Qaidam
Basin. Intensified aridification of the Qaidam Basin at the
beginning of Quaternary is consistent with adjacent sections in
the Qaidam Basin (Wu et al., 2011; Cai et al., 2012; Wang et al.,
2012; Yang et al., 2013). The deep–lake black lamination abruptly
disappeared and changed to a shallow–lake gray massive
structure (Wang et al., 2012) and a shift in the paleolake
nutrient status (Yang et al., 2013) from SG–1 in the western
Qaidam Basin at ∼2.5 Ma, indicating rapid aridification at
∼2.6 Ma. Pollen records from SG–3 drill cores and Yahu
anticline also support intensified aridity during the Quaternary
period (Wu et al., 2011; Cai et al., 2012). The marine benthic δ18O
record (Lisiecki and Raymo, 2005) suggests intensified Northern
Hemisphere glaciations at 2.7 Ma. The intensified aridification of
central Asia at the Pliocene-Quaternary boundary may be in
response to intensive Northern Hemisphere glaciations and
resulting decreased evaporation from the Pacific and Indian
Oceans, which could have provided moisture to the Qaidam
Basin during the Pliocene (Su et al., 2019b). Decreased sea surface
temperatures in many oceans (Herbert et al., 2016) is in line with
this interpretation.

CONCLUSION

We report new, multiple-proxy records of the western Qaidam
Basin lake evolution. These records reveal four phases evolution
of the western Qaidam paleolake, with boundaries at ∼3.3, ∼2.84,
and ∼2.48 Ma. The data reveal that the Qaidam paleolake change
from an open lake to a closed and salty lake at ∼3.3 Ma, likely in
response to decreased precipitation from the low latitudes and/or
local tectonic uplift. Interestingly, superimposed on the long-term
drying trend, a phase of wetting climate was observed in the TOC
records in the Qaidam Basin during 2.84–2.48 Ma, which we
suggest linked to enhancing East Asian summer monsoon. Halite
and gypsum content increased dramatically after 2.5 Ma,
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indicating the formation of salty lake in the western Qaidam
Basin, which may be in response to intensive Northern
Hemisphere glaciation and decreased sea surface evaporation.
These data improve our understanding of the detailed processes
of Qaidam aridification and its potential forcing mechanisms.
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Geochemistry and Petrography of the
Sediments From the Marginal Areas of
Qinghai Lake, Northern Tibet Plateau,
China: Implications for Weathering
and Provenance
Huifei Tao1*, Lewei Hao1*, Shutong Li1, Tao Wu2, Zhen Qin1,3 and Junli Qiu1

1Oil and Gas Research Center, Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences, Lanzhou,
China, 2Research Institute of Exploration and Development, Petrochina Xinjiang Oilfield Company, Karamay, China, 3University of
Chinese Academy of Sciences, Beijing, China

The provenance study of the sediments from Qinghai Lake is of great significance for the
understanding of geological and climatic evolution processes of the Tibet Plateau on the
one hand and for evaluating the controlling factors of the sediment components on the
other hand. The samples were collected from five rivers, foreshore, beach, beach bar, and
aeolian sand dune in the Qinghai Lake. The bulk geochemical composition, petrography,
and mineralogy features of the samples are analyzed. The results show that: 1) Qinghai
Lake sediments experienced low-intensity chemical weathering from the source areas to
the deposition sites and were affected by some recycled detrital materials and 2) the
source rocks for the sediments include felsic rocks (granite, granodiorite, and felsic
volcanic rocks), carbonate, metamorphic rocks (marble and meta-volcanic rocks), and
clastic rocks with the felsic source rocks to have the most important impact on the
chemical compositions of the sediments. The geochemical indicator of Al2O3/TiO2 reflects
that the provenance of fine-grained sediments from the center of Qinghai Lake is more
mafic than the coarse-grained sediments from the margin of the Qinghai Lake, suggesting
that the hydraulic sorting of grain size probably plays an important role in the geochemical
compositions of the sediments. The mafic elements were probably preferentially enriched
in muds.

Keywords: Qinghai Lake, geochemical compositions, weathering, provenance, hydraulic sorting

INTRODUCTION

Qinghai Lake is the largest inland closed salinized lake, located at the Northern Tibet Plateau
(Figure 1A). The formation of Qinghai Lake was closely associated with the uplift of the Tibet
Plateau. The Qinghai Lake rift valley was declined and the mountains were rapidly uplift because of
the Himalayan movement during the Late Neogene to Holocene (An et al., 2006; Chang et al., 2008).

The thicknesses of the sediments in the southern and northern depressions of Qinghai Lake are
over 700 and 560 m (An et al., 2006). The uninterrupted sediments are sensitive to the changes of
climate and tectonic, making Qinghai Lake a natural laboratory for the study of climate and tectonic
evolution of the Tibet Plateau. There have been a few research projects carried out on Qinghai Lake,
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for example, “Comprehensive survey of Qinghai Lake, 1979”
(Lanzhou Institute of Geology CAS, et al., 1979) and “Qinghai
Lake Environmental Drilling, 2003” (An, 2003). The basement
structures, the geochemical and mineral compositions of the
drilled core and bottom sediments, and water chemical ions of
Qinghai Lake were investigated (Zhang et al., 1994; Liu et al.,
2002; Jin et al., 2009, 2015; Xiao et al., 2012; Zhang et al., 2019;
Song et al., 2020). And the hydroclimate changes were
reconstructed in Qinghai Lake since the last glacial period (Jin
et al., 2009, 2015; Song et al., 2020). However, the previous work
paid more attention to the sediments from the center of the Lake,
while the terrestrial detritus in the margin of Qinghai Lake (main
streams, beach bars, and sand dunes) are less concerned. The
sediments from the margin of Qinghai Lake primarily reflected
the signals of the source areas because the sediments from the
marginal areas are barely affected by the water environment of the
lake without post-depositional diagenesis. Thus, the sediments
from the margin of Qinghai Lake are ideal materials to trace the
source rocks of Qinghai Lake and to evaluate the influence of the
hydraulic sorting.

The concentrations of some elements (e.g., Al, Ti, Th, Sc, Cr,
Co, La, Zr, and Hf) and their ratios and petrography of the
sediments are widely used to trace the provenance of the
siliciclastic rocks (Cullers, 2002; Hofmann et al., 2003; Wanas
and Abdel-Maguid, 2006; Pe-Piper et al., 2008; Lee, 2009;

Armstrong-Altrin et al., 2012; Schneider et al., 2016; Qiu and
Zou., 2020; Rahman et al., 2020). The geochemistry and
mineralogy constituents of the sediments are controlled by the
source rock types, weathering conditions, transportation, and
post-depositional diagenesis processes (McLennan et al., 1993).
The previous research suggested that the physical sorting of
sediment during the processes of transport and deposition
leads to the concentration of quartz and feldspar with some
heavy minerals in the coarse fraction and the secondary lighter
and more weatherable minerals in the suspended-load sediments,
which causes the chemical index of alteration (CIA) increasing
along with decreasing grain-size fractions (Armstrong-Altrin
et al., 2004).

The surface sediments from Qinghai Lake are experiencing
low-intensity chemical conditions because of the cold and dry
climate in the Tibet Plateau (Liu et al., 2002; Chang et al., 2008; Jin
et al., 2009) and diagenesis barely happened. Therefore, the
geochemistry and mineral compositions of the sediments from
Qinghai Lake reflect the features of the source rocks and also can
be used to analyze the influence of the physical sorting. In this
study, elements, minerals, and petrography features are analyzed
for the sediment samples from five main rivers, beach, beach bar,
and sand dune of the Qinghai Lake. Then, the weathering
conditions and source rock types of the provenance were
discussed, and the indicators for the provenance study were

FIGURE 1 | Location of the study area and sampling sites (image modified from Google Earth). (A) Schematic map of the Tibet Plateau and the location of Qinghai
Lake. (B): The surrounding mountains, main rivers, and sampling sites of Qinghai Lake.
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also evaluated combined with previous studies and the geological
setting.

GEOLOGICAL SETTING

Qinghai Lake is located at the northern Tibet Plateau (Figure 1A),
the biggest inland lake in China, and it is an enclosed rift lake
constrained by surrounding mountains, approximately diamond-
shaped with a 106 kmNWWdirection long axis and a 63 km short
axis. Its circumference is about 360 km and covers an area over
4,000 km2 with an altitude of ca. 3,200 m. The maximum water
depth of Qinghai Lake is 28.70 m with an average depth of 19.15 m
(Lanzhou Institute of Geology CAS, et al., 1979). Qinghai Lake
belongs to a typical high altitude, cold and arid continental climate,
and less rainfall. The evaporation in Qinghai Lake is greater than
the sum of rainfall and runoff into the lake; thus, the salinity of the
water increases and the area of the lake becomes smaller gradually,
and thewater level and lake area gradually declined to theirminima
in 2004 (Dong et al., 2019). With the increasing of annual rainfall
and temperature, the water body of Qinghai Lake has been
expanded since 2004 (Dong et al., 2019).

Qinghai Lake was formed due to the Late Himalaya neotectonic
movement (Yuan et al., 1990). Before the Middle Pleistocene,
Qinghai Lake was narrow and shallow, as a transit lake of the
Paleo-Buha River to Daotang River, and finally flowed east to the
Yellow River. From the Middle to Late Pleistocene, the basin of
Qinghai Lake continuously fell and the Riyue-Yeniu mountains
uplift in the east, cutting off the connection between the Paleo-Buha
River and the Yellow River. Thus, all the rivers flow into Qinghai
Lake and make it a closed inland lake since the Late Pleistocene.

There are five relatively big and perennial flow rivers
developed in Qinghai Lake (Figure 1B). Three of them (Buha
River, Shaliu River, and Haergai River) are to the northwest of the
lake with another one (Heima River) in the south of and the other
(Daotang River) coming from the southeast. The Daotang River
flows into the lagoon of Erhai located in the southeast of Qinghai
Lake. The Buha River has the biggest runoff and maximum
sediment inputs among all the rivers, occupying ca. 67% of
the total sediment inputs into Qinghai Lake (Li et al., 2010).
Deltas, abandoned channels, alluvial fans, and near-shore
deposits (e.g., beach, beach bars, aeolian dunes, and barrier
islands) develop around the Qinghai Lake.

The Datong Mountain was located to the west and northwest
of Qinghai Lake while the Riyue-Yeniu mountains and Qinghai
South Mountain are situated at the east and south of Qinghai
Lake, respectively (Figure 1B). The drainage of the Buha River is
mainly distributed in the southern DatongMountain and consists
of Silurian granodiorite and monzonite, Lower Silurian meta-
sandstone and slate, and Middle to Late Triassic limestone and
clastic rocks. The Shaliu River runs out of the western Datong
Mountain and flows through the Permian and Triassic marine
siliciclastic rocks and Silurian biotite granite. The Haergai River
originates from the east of the Datong Mountain, where the
Sinian slate, dolomite and clastic rocks, the Cambrian to
Ordovician marble, meta-volcanic and schist, the Silurian
biotite granite, and a few Permian and Jurassic clastic rocks

are cropped out. The water system of the Daotang River
mainly originated from the Riyue-Yeniu mountains, which
consist of Permian granites and Triassic clastic rocks and
limestone. The Heima River comes from the South Qinghai
Mountain, which is mainly composed of Carboniferous clastic
rocks and limestone, Triassic felsic volcanic rocks and clastic
rocks, and Late Triassic granodiorite including many gabbros and
pyroxenite xenoliths (QBGMR, 1991; Chen, 2016).

MATERIALS AND METHODS

Five sand samples were collected from the five relatively big rivers
(Buha River, Shaliu River, Haergai River, Heima River and
Daotang River, marked by BHH, SLH, HEG, HMH, and
DTH) and one sample was collected from the beach close to
an unknown river mouth near the village of Garila to the south of
the lake (marked by GRL). Eight sand samples were collected
from the Erlangjian beach bar to the southeast of the lake (marked
by ELJ1-8), eight sand samples were collected from the beach of
Niaodao (marked by ND1-8), and six sand samples were collected
from the aeolian sand dune to the northeast of the lake (marked
by SD1-6) (Figure 1B).

Thirty-two thin sections were prepared for petrography study.
The unconsolidated sands were immersed by using epoxy resin
and a curing agent on the electric hot plate. When the epoxy resin
was totally soaked into the samples, the samples were transferred
to a 60–70 centigrade oven for 4-5 h to solidify the samples. After
that, the solidified samples were cut into 0.03 mm thick sections.
Fifteen samples from the Erlangjian (ELJ) beach bar and Niaodao
(ND) beach were ground into 200 mesh (<0.075 mm) for X-ray
diffraction (XRD) analysis which was performed on an Empyrean
X-ray diffractometer using Cu Ka radiation at 40 kV and 40 mA.
Each scan was performed from 5° to 45°, with a step interval of
0.02° at a rate of 2.0°/min.

Major elements were determined using X-ray Fluorescence
Spectrometry (XRF) at Lanzhou University. The sample powders
(<0.075 mm) were dried in an oven at 105°C. 4 g of the dry
powdered samples are pressed into a 32 mm diameter pellet using
30-ton pressure using the pressed powder pellet technique. The
briquettes were then stored in desiccators. Calibration curves
were established using the reference materials of rock (GSR01-
GSR12). Analytical uncertainties are ±5% for all major elements
except for P2O5 and MnO (up to ±10%). 40 mg powdered
samples were weighed for trace elements analysis by using
inductively coupled plasma mass spectrometry (ICP-MS, Nu
Attom). The processing and analytical procedures for trace
elements were as described in Li (1997). The precision for
most trace element measurements is estimated to be 5%
according to the analysis of the GSR1 and GSR3 standards.

RESULTS

Petrology and Mineralogy
The results of thin-section observation show that the
mineral compositions of the sands in the Qinghai Lake
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are mainly feldspar, quartz, lithic fragments, biotite, marble,
pyroxene, and hornblende (Figure 2 and Figure 3). The
lithic fragments include carbonate, metamorphic rocks,
granite, volcanic rocks, and fine clastic rocks. The
monocrystalline quartz and feldspar minerals are
ubiquitous in the sediments. However, the types and
proportions of some minerals in the samples from
different sites vary greatly. The sediments of BHH have

the highest polycrystalline quartz contents among all the
sample sites (Figure 2A), whereas the SLH and HEG
samples have abundant granite fragments and a few
metamorphic rocks (Figures 2B,C). The sample HMH
contains relatively high concentrations of pyroxene and
hornblende minerals (Figure 2D), and the sample GRL
shows remarkably high carbonate debris (Figure 2E), and
some biotite minerals present in the sediments of the DTH

FIGURE 2 | Photomicrographs of the sand sediments from the rivers of Qinghai Lake, cross-polarized light. (A) Sands from Buha River (BHH). (B) Sands from
Shaliu River (SLH). (C) Sands from Shaliu River (SLH). (D) Sands from Heima River (HMH). (E) Sands from foreshore near Garila village (GRL). (F) Sands from Daotang
River (DTH). Qm: monocrystalline quartz, Qp: polycrystalline quartz, Lv: volcanic fragment, Lm: metamorphic fragment, Ls: sediment fragment, Gr: granite fragment, Ca:
calcite minerals, Pl: plagioclase, Kf: K-feldspar, Ma: marble, Hb: hornblende, Px: pyroxene, Bt: biotite.
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(Figure 2F). The sediments from the rivers are well-sorted,
except for the sample DTH, and the detrital grains from the
rivers are angular to subangular roundness, whereas the
sample from the beach (GRL) has relatively good sorting
and roundness. Compared with the sediments in the rivers,
the samples in the ELJ beach bar, ND beach, and sand dune
(SD) have more feldspars and fewer lithic fragments
(Figure 3). The mica minerals (including biotite and
muscovite) are commonly seen in the ELJ beach bar and
ND beach samples (Figures 3A–D).

The results of X-ray diffraction analysis of the samples from ELJ
beach bar and ND beach are list in Supplementary Appendix Table
S1. The primary mineral compositions are quartz (31–55%, avg.
43.75%), K-feldspar (5–31%, avg. 12.4%), plagioclase (11–32%, avg.
19.7%), clay (4–20%, avg. 8.4%), calcite (1–8%, avg. 3.8%), dolomite
(1–4%, avg. 2.2%), pyroxene (2–8%, avg. 3.7%), and hornblende
(1–14%, avg. 4.9%) with a few siderite and other minerals. The
significant features are the abundant feldsparminerals that existed in
the area of ELJ beach bar and ND beach with a total feldspar
proportions’ range from 19 to 48%, avg. 32% (Figure 4).

FIGURE 3 | Photomicrographs of the sand sediments from the beach, beach bar, and aeolian sand dune of the Qinghai Lake, cross-polarized light (left), and
plane-polarized light (right). (A, B) Sands from the Niaodao beach (ND). (C, D) Sands from the Erlangjian beach bar (ELJ). (E, F) Sands from the aeolian sand dune (SD).
Qm: monocrystalline quartz, Lv: volcanic fragment, Ls: sediment fragment, Gr: granite fragment, Pl: plagioclase, Kf: K-feldspar, Hb: hornblende, Bt: biotite.
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Major Elements
Overall, the Upper Continental Crust (UCC) (Rudnick and Gao,
2003) normalized spider diagrams show that the major element
contents of the samples from the rivers and GRL vary greatly,
whereas the major elements of the samples from the ELJ beach

bar, ND beach, and SD are more uniform (Figure 5). Compared
with UCC, most of the samples from the rivers and GRL have
comparable or lower SiO2, TiO2, Al2O3, Fe2O3, MnO, and MgO
and higher CaO, except for sample SLH (Figure 5A). Sample SLH
shows a lack of CaO, which is consistent with the barely observed

FIGURE 4 | Mineral contents of beach (ND) and beach bar (ELJ) sand sediments from Qinghai Lake.

FIGURE 5 | UCC-normalized spider diagrams of major elements for different samples from the Qinghai Lake area. (A) Samples from rivers and GRL foreshore, (B)
samples from Erlangjian beach bar (ELJ), (C) samples from Niaodao beach (ND), and (D) samples from aeolian sand dune (SD), respectively.

Frontiers in Earth Science | www.frontiersin.org September 2021 | Volume 9 | Article 7255536

Tao et al. Geochemistry Petrography Sediments Qinghai Lake

33

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


amount of carbonate debris in the thin section (Figure 2B). The
samples from ELJ beach bar and ND beach show similar SiO2 and
Na2O with UCC, but slightly enriched in CaO and K2O and
depletion of TiO2, Al2O3, Fe2O3, MnO, and MgO relative to UCC
(Figures 5B,C). The samples from the SD show nearly the same
SiO2 as UCC, but depletion in TiO2, Al2O3, Fe2O3, MnO, MgO,
Na2O, and K2O in contrast to UCC, except for sample SD-6. SD-6
has a high content of MgO. Two samples (SD-1 and SD-5) have
lower CaO concentrations compared with UCC, whereas other
samples from the SD have relatively higher CaO contents
(Figure 5D). For all the samples, CaO has a statistically high
negative correlation with SiO2 (r � −0.95, p < 0.05, n � 28) but
weak or no correlations with other major elements
(Supplementary Appendix Table S6), suggesting that the CaO
is mainly derived from the carbonate minerals rather than the
silicate minerals (e.g., plagioclase and apatite).

Trace Elements
The selected trace elements of the samples are normalized by UCC
and are shown in Figure 6. Similar to the UCC-normalized patterns
of the major elements, the trace elements from the rivers and GRL
vary significantly, whereas the samples from ELJ beach bar, ND
beach, and SD show high uniform UCC-normalized patterns. The
sample GRL shows a remarkable high Sr concentration relative to
UCC, due to its enriched carbonate minerals. Sample DTH has
relatively high Zr and Hf concentrations, indicating the sediments
are enriched in zircon minerals (Figure 6A). The depletion of trace

elementsV, Cr, Co, Ni, Cs, Th, U, Nb, Ta, Cu, Zn, Sc, and Tl formost
samples is probably due to the grain size of sediments being relatively
coarse and lack of fine fractions (Nesbitt et al., 1996). The trace
elements Rb, Sr, and Ga are concentrated in the ELJ beach bar, ND
beach, and SD samples which is possibly related to the enrichment of
K-feldsparminerals (Figures 6B–D). TheUCC-normalized patterns
of the samples of ND beach are a higher degree of uniform than ELJ
beach bar and SD, probably indicating that the ND samples are
influenced by one major source of rocks, whereas the sand samples
from ELJ beach bar and SD are affected by multiple source rocks.

Rare Earth Elements
Compared with UCC (total REE � 148.14 ppm), all the samples
have a lower total REE (22.9–142.8 ppm, avg. 63.2 ppm)
(Supplementary Appendix Table S4). The chondrite-
normalized spider diagrams show that all the samples have
steep light rare earth elements (LREEs) distribution patterns
and relatively flat heavy rare earth elements (HREEs) styles
(Figure 7). The (La/Yb)N values for different samples are
5.9–10.6 with an average of 8.7 for the rivers and GRL, 7.6–12.0
with an average of 10.5 for the ELJ beach bar, 10.6–15.1 with an
average of 12.9 for the ND beach, and 8.2–11.1 with an average of
9.6 for the SD, respectively (Supplementary Appendix Table S4).
Compared with UCC [(La/Yb)N � 10.5], the samples from ND
beach are characterized with a higher degree of REE fractionation,
while the samples from the rivers and GRL define relatively less
fractionated REE patterns. The samples from the rivers and GRL

FIGURE 6 | UCC-normalized trace element patterns for different samples from the Qinghai Lake area. (A) Samples from rivers and GRL foreshore, (B) samples
from Erlangjian beach bar (ELJ), (C) samples from Niaodao beach (ND), and (D) samples from aeolian sand dune (SD), respectively.
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are characterized with negative Eu anomalies (0.64–0.77, avg. 0.70)
(Figure 7A). Nevertheless, the samples fromELJ beach bar andND
beach show positive Eu anomalies (Figures 7B–D), which is
probably due to their high contents of feldspar minerals (Figure 3).

DISCUSSION

Weathering and Sediment Recycling of the
Sediments
During the processes of the sediments transferred from the source
area to the basin, some elements (e.g., Na, K, and Ca) can be easily
dissolved into the water and run away from the sediments, while
some other elements (e.g., Al and Ti) are chemically stable and can
be retained in the residual minerals. The chemical migration abilities
of different elements are closely related to the weathering conditions
that the sediments experienced before reaching the final deposition
sites (Nesbitt et al., 1980; Fedo et al., 1996). The chemical index of
alteration (CIA) is a widely used proxy to evaluate weathering
intensity of the sediments underwent during the whole process
from the source to the basin (Nesbitt and Young, 1982). The CIA is
calculated by using the molecular concentrations of the major
elements, and the formula is defined as CIA � [Al2O3/
(Al2O3+CaO*+Na2O + K2O)]x100, where CaO* represents the
amount in silicates only. The CaO correction law follows the
method proposed by Fedo et al. (1995), in which when CaO <
Na2O, the CaO is used in the CIA formula while when CaO >Na2O,
the CaO in the CIA formula will be replaced by Na2O.

The values of CIA are listed in Supplementary Appendix Table
S7. The CIA of 37 for sample GRL is the lowest among all the
samples, whereas the CIA values for the rivers are slightly greater

than 50, except for sample BHH (42) and the samples from ELJ
beach bar, ND beach, and SD are all between 40 and 50 with a
mean value of 46. Fedo et al. (1995) suggested that CIA � 50–60 is
low-intensity weathering, CIA � 60–80 is intermediate intensity
weathering, and CIA>80 is high-intensity weathering. Therefore,
the CIA values of the samples reflect that the sediments
experienced low-intensity chemical weathering. The CIA values
of the fine-grained Qinghai Lake bottom sediments are 50–59 with
an average of 54 (Jin et al., 2009) and the CIA values of loess
samples from the eastern margin of the lake are 53–66 with an
average of 61 (Zeng et al., 2015) also supporting that the sediments
in the Qinghai Lake underwent a low-intensity weathering. The
climate conditions in the source area around Qinghai Lake are cold
and arid (Xu et al., 2010), which is not beneficial for the strong
chemical weathering (McLennan et al., 1993). The chemical
weathering unstable minerals (e.g., carbonate, plagioclase,
pyroxene, and hornblende) are commonly visible from the thin-
sections observation andXRD results also reflect that the sediments
of Qinghai Lake experienced low-intensity chemical weathering.

Some heavyminerals (e.g., zircons) can be accumulated during
the processes of sediments recycling, which may cause the Zr and
Th elements to increase (McLennan et al., 1993). Since Th is
typically an incompatible element and Sc is typically compatible
in igneous rocks, Th/Sc ratio is an overall indicator of igneous
chemical differentiation processes (Taylor and McLennan, 1985).
Moreover, zircon addition resulting from sediment recycling and
sorting can lead to Th/Sc and Zr/Sc ratios not following the
normal igneous differentiation trend (McLennan et al., 1993).
Therefore, the diagram of Zr/Sc versus Th/Sc is widely used to
assess sediments recycling (McLennan, 1989). On the plot of Zr/
Sc versus Th/Sc (Figure 8A), the sample GRL locates at the trend

FIGURE 7 | Chondrite-normalized REE patterns for different sediments from the Qinghai Lake area. (A) Samples from rivers and GRL foreshore, (B) samples from
Erlangjian beach bar (ELJ), (C) samples from Niaodao beach (ND), and (D) samples from aeolian sand dune (SD), respectively.
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line of zircon addition, and the samples of ELJ beach bar show a
trend of bias to zircon addition, whereas the samples of ND beach
and SD are all clustered along with the source rock variation trend
line and the river samples (BHH, SLH, HEG, DTH, and HMH)
far away from the zircon addition trend line. It means that the
sediments from ND beach, SD, and other river samples are not
affected by the sedimentary recycling but are only controlled by
source rock composition variations. Nevertheless, some recycling
materials with zircon addition may be added to the sediments of
the ELJ beach bar and GRL area.

Main Source Rocks for the Sediments
Petrographic results show the lithic fragments contained in the
sediments mostly carbonate, granite, acid volcanics, siliciclastic
rocks, and a few metamorphic rocks (marble and meta-
volcanics). Moreover, the XRD results reveal that a certain
concentration of calcite, dolomite, pyroxene, and hornblende
exist in the sediments besides abundant quartz and feldspar.
The above petrology and mineralogy evidence indicates that the
source rocks for the Qinghai Lake sediments include at least
carbonates, granites, acid volcanic rocks, recycled clastic rocks,
and some metamorphic rocks.

Because major elements Al and Ti are immobile and have the
lowest solubility in natural water, the ratio of Al2O3/TiO2 is widely
used to evaluate the source rock types of the sediments. According to
Paikaray et al. (2008), the ratio of Al2O3/TiO2 below 10 is considered
as mafic source rocks, whereas the ratios between 10 and 20 are
indicators of intermediate source rocks, and ratios higher than 20
indicate the sediments originated mostly from felsic source rocks. The
ratios of Al2O3/TiO2 for all the samples are greater than 20
(23.7–249.9, avg. 98.8) indicating that felsic rocks are the primary
source rock types. On the plot of Al2O3 versus TiO2 (Figure 8B), most
of the samples distributed in the right area of the granite trend line and
two samples (HEG and DTH) locate at the area bias to granodiorite
line, suggesting that the source rocks are mainly felsic but affected by
some intermediate rocks or enriched in titanium minerals.

The ratios of Al2O3/TiO2 of the samples from different sites vary
greatly. The samples from the rivers and GRL have the lowest Al2O3/
TiO2 values (23.7–54.9, avg. 38.9) among all the samples, whereas the
samples from the ELJ beach bar have the highest Al2O3/TiO2 ratios
(86.8–249.9, avg. 183.8), and the Al2O3/TiO2 values of the samples
from ND beach and SD are between the former two sample sites
(Supplementary Appendix Table S7). The differences among these
sample sites are controlled by the variation of source rock lithic
fragments. The thin sections show that the sediments from the rivers
andGRL contain the highest contents of source rock lithic fragments,
whereas the lithic fragments are few in the samples from the ELJ
beach bar (Figure 3B). Furthermore, fine-grained minerals are rarely
present in the sediments because of the strong hydraulic conditions.
The mafic minerals are preferentially accumulated in fine sands and
muds resulting in higher abundances of TiO2 and FeO in the fine-
grained sediments but sand sediments depletion of TiO2 and FeO
(Nesbitt et al., 1996). Therefore, the Al2O3/TiO2 ratios of sand would
reflect more felsic source rock types. In contrast, the values of Al2O3/
TiO2 of mud sediments will result in an overestimation of the mafic
contribution from source rocks (Nesbitt et al., 1996). For a well
understanding of the source rock types, the chemical compositions of
simultaneous sand and mud sediments should be taken into account
together (Nesbitt et al., 1996). The chemical compositions of fine-
grained bottom sediments in Qinghai Lake are referred to by Jin et al.
(2009). The Al2O3/TiO2 of the bottom sediments in Qinghai Lake are
20.2–23.8, with an average of 22.1 (Jin et al., 2009), also indicating that
the source rock types aremainly felsic rocks. In addition, the TiO2 are
highly positively correlatedwith Fe2O3 (r� 0.93, p< 0.05, n � 28), Nb
(r� 0.88, p< 0.05, n� 28), Ta (r� 0.86, p< 0.05, n� 28), Zr (r� 0.90,
p < 0.05, n � 28), and Hf (r � 0.90, p < 0.05, n � 28), suggesting that
the ilmenite is probably one of the forming minerals for the felsic
source rocks.

The trace elements of La, Th, Zr, Hf, Sc, Cr, and Co are
geochemically conservative during the surficial processes. La, Th, Zr,
and Hf are enriched in felsic rocks. The Sc, Cr, and Co are enriched in
mafic rocks. Thus, the ratios of La/Sc, Co/Th, Zr/Sc, and Th/Sc are

FIGURE 8 | Source rock discrimination plots for the sand sediments. (A) Plot of Zr/Sc versus Th/Sc. ELJ and GRL samples show some recycled detrital materials
addition, and most of the source rocks are mainly felsic rock. (B) Plot of Al2O3 versus TiO2. The data points reflect granites source rocks.

Frontiers in Earth Science | www.frontiersin.org September 2021 | Volume 9 | Article 7255539

Tao et al. Geochemistry Petrography Sediments Qinghai Lake

36

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


widely applied to discriminate the source rock types of clastic
sediments. For most of the samples, the ratios of Zr/Sc (avg. 21.38),
Th/Sc (avg. 1.01), and La/Sc (avg. 3.72) are higher than those of UCC
(13.79, 0.75, and 2.21, respectively) while the Co/Th (avg. 0.88) is lower
than UCC (1.65), except for samples GRL, HMH, ELJ-1, and ELJ-7,
indicating that the samples’ source rocks aremore felsic thanUCC.The
Zr/Sc ratio of sample GRL (Zr/Sc � 13.18) is slightly lower than UCC
probably due to the dilution of high contents of carbonate minerals.
The sample HMH has the highest Sc, Cr, and Co concentrations
among all the samples (Supplementary Appendix Table S4), resulting
in lower ratios of Zr/Sc (7.93), Th/Sc (0.31), and La/Sc (1.05) and a
higher ratio ofCo/Th (1.86) than those ofUCC,which suggests that the
source rocks of the HMH sediments are more mafic than UCC. The
thin section shows that the HMH sediments contain abundant mafic
minerals (pyroxene and hornblende) (Figure 2D), which should be the
primary reason for the enrichment in Sc, Cr, and Co. The ratios of Zr/
Sc, Th/Sc, La/Sc, and Co/Th of the two samples ELJ-1 and ELJ-7 also
reflect the influences of mafic minerals (hornblende), which can be
seen in the thin section (Figures 3C,D). The mafic materials in the
samples ELJ-1 and ELJ-7 should be brought in by the Hema River,
which is themaficmaterials input water system and the nearest river to
the ELJ beach bar (Figure 1B).

Implications for the Provenance
The main source rock types for the Qinghai Lake sediments are
considered to be felsic rocks according to the bulk geochemical
compositions. Integrating with the petrology and mineralogy
evidence, a few specific details of the source rocks could be
figured out. For example, the marble is one of the source rocks
for the sediments from the Haergai River (HEG) according to the
thin-section observation; thus, the relatively high CaO content
(8.83 wt%) is caused by the marble minerals rather than
carbonates. However, the high CaO content (8.65 wt%) in the
Buha River (BHH) can explain the existence of carbonate in the
source area according to the thin-section observation and petrology
analysis. A large amount of biotite and a few hornblende and
pyroxene minerals can be observed in the sediments of ELJ
beach bar and ND beach, probably indicating that the felsic
source rocks are biotite granite or granodiorite with a few basic rocks.

The provenance inferred from the geochemical indicators
(Al2O3/TiO2, La/Sc, Co/Th, Zr/Sc, and Th/Sc) and petrographic
and mineral evidence of the sediments are felsic rocks (granite,
granodiorite, and felsic volcanic), carbonate, marble, and a few
kinds of basic rocks, which are consistent with the rock types
distributed in the mountains around Qinghai Lake (QBGMR,
1991). Nevertheless, the grain sizes of the samples of this study
are all relatively coarse representing high hydraulic sorting, which
may have an important influence on the geochemical and mineral
compositions of the sediments. Previous research suggested that
the mafic elements are preferentially enriched in fine-grained
sediments (Nesbitt et al., 1996).

CONCLUSION

In this study, the petrology, mineralogy, and bulk geochemical
compositions of sand sediments from the five main rivers and

shore-land (beach bar, beach, and aeolian sand dune) of the
Qinghai Lake are analyzed. The provenance of the sediments
from Qinghai Lake is as follows: 1) the sediments from Qinghai
Lake have undergone low-intensity weathering of mostly one
single recycling and 2) the source rock types are mainly felsic
rocks (granite, granodiorite, and felsic volcanics), carbonate,
metamorphic rocks (marble and meta-volcanic rocks), and
siliciclastic rocks.

From this work, it can be noted that the indicators of bulk
geochemical compositions are useful tools to investigate the
source rocks. The petrology of sands can provide some specific
and direct evidence for the source rocks. However, the source
rock types may be deviated caused by hydraulic sorting if
according to only one of the above methods. Thus, the
provenance study of the sediments should integrate multiple
methods and sediments of all grain sizes (sand, silt, and mud)
should be analyzed as far as possible.
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Tibetan Plateau: A 16.1-cal kyr BP
Record From Hurleg Lake
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Hydroclimate evolution history and changes in the Tibetan Plateau play significant roles in
depicting paleoclimate and evaluating climatic conditions in the coming future. However,
the interaction of the westerlies and the Asian monsoon complicates our understanding of
the mechanism of climate variation over the Tibetan Plateau. In this study, we assessed the
paleoclimate of Hurleg Lake, which was previously located in the convergence area of the
East Asian monsoon and westerly wind. We first reconstructed the climatic conditions
based on fined-grained authigenic carbonate δ18O (δ18Ocarb), plant-derived proxies of
C/N, and n-alkane-derived δ13C31. In the Hurleg Lake, δ18Ocarb was controlled by δ18O
changes of the lake water and evaporation. The climate evolution since ∼16.1 cal kyr BP
can be classified into three stages. The Lateglacial (16.1–11.0 cal kyr BP) was
characterized by a warm-wet climate in the beginning, followed by a cold-dry climate
since 12.0 cal kyr BP. Typical warm and cold phases occurred during 14.8–12.0 cal kyr BP
and 12.0–11.1 cal kyr BP, which may correspond to the Bølling/Allerød (B/A) and Younger
Dryas periods, respectively. The early to mid-Holocene was generally characterized by a
warm-wet climate; however, notable cold-dry intervals occurred at ∼8.3 cal kyr BP. The
Late Holocene (after 4.8 cal kyr BP) displayed a significantly cold-wet climate. Finally, we
examined the possible mechanisms responsible for the climate variability in the study area.
The results showed that the long-term warm trend in the Lateglacial and colder trend after
early Holocene was controlled by insolation. The Asian summer monsoon and the
westerlies played a significant role in determining moisture sources during the
Lateglacial. The East Asian monsoon contributed greatly to the moisture variation from
the early to mid-Holocene, whereas the westerly winds dominated during the late
Holocene. Combined, our findings highlight the complex changes in hydroclimate
conditions since the last glacial in the Tibetan Plateau and provide crucial implications
for comprehending the hydroclimate pattern in the transition zone of westerlies and Asian
monsoon.

Keywords: carbonate isotopes, Asian monsoon, westerly, climate change, Tibetan Plateau
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INTRODUCTION

Since the 21st century, global environmental problems, such as
sea level rise, extreme climate events, and ecological
environmental damage, have increased in frequency and
intensity in response to global warming (Klanderud, 2005;
IPCC, 2014). These climate events have adversely impacted
human and social development and attracted the attention of
researchers across the world (Haug et al., 2003; Mondoni et al.,
2012). Scientifically predicting future climate change is necessary
for tackling global climatic problems; however, the scale of
modern meteorological records is too short to reliably evaluate
and simulate future climate change laws. Moreover, past climate
can inform future climate variability (Tierney et al., 2020);
therefore, determining the history and forcing mechanisms of
past climate is necessary for estimating future climate trends
(Lunt et al., 2013; Chen et al., 2016; Tierney et al., 2020).

As many large rivers originate from the extensive alpine
plateau and its adjacent mountains, the Tibetan Plateau (TP)
supports rapidly growing societies with a population of 3 billion
people or almost half of the world’s population (Mischke and
Zhang, 2010). Due to its role in social development and its
susceptibility to climate change, the TP is a hotspot for
studying climate variability. The TP is located in a climatic
junction where the Asian monsoon and westerlies interact
intensely. The region has high elevation (average elevation
>4,000 m above sea level) and cold climatic conditions (mean
annual air temperature <4°C) (Liu and Chen, 2000; Chen et al.,
2016; Luo et al., 2019), and the ecological environment of the TP
is more sensitive to climatic variability than most regions on
Earth (Liu et al., 2009; Diffenbaugh et al., 2013). In addition,
thousands of lakes are distributed across the TP, where
paleoclimate information is well preserved. These include the
hydroclimate and temperature records derived from lakes
Naleng, Nam Co., Qinghai, Hurleg, Qionghai, etc. (Kramer
et al., 2010; An et al., 2012; Zhao et al., 2013; Günther et al.,
2015; Wang et al., 2020). Analyses of past climate changes have
advanced our understanding of the dynamic driving factors of
hydroclimate and temperature, which are closely related to the
monsoon and insolation, respectively, and are influenced by
regional and global climate changes (Peterse et al., 2004, 2011;
Dykoski et al., 2005; Wang et al., 2005, 2008; Zhao et al., 2011).

Hurleg Lake lies on the northeastern Tibetan Plateau, at the
intersection area, which was previously affected by both the East
Asian monsoon and westerly wind (Winkler and Wang, 1993;
Zhao et al., 2011). Due to the particularity of its geographical
location and its climatic variability and sensitivity, many studies
have reconstructed the Holocene climate based on the results of
lake cores derived fromHurleg Lake, including paleotemperature,
paleomoisture, and paleovegetation (Zhao et al., 2007, 2011; Zhao
et al., 2010; Zhao et al., 2013; Fan et al., 2014; Rao et al., 2014; He
et al., 2016; Song et al., 2020). However, these climatic records
from Hurleg Lake mostly focused on the Holocene, while studies
on the Lateglacial were limited. Moreover, the records were often
conflicting, due to uncertainties in sediment chronologies, the
climatic significance of the proxies used, the detailed evolutionary
model of climate and environmental change reconstructed by

various environmental indexes from the same core, or the same
proxies derived from different cores (Chen et al., 2016). In Hurleg
Lake, pollen-based reconstruction of paleoclimate patterns
displayed a relatively wet climate in the earliest Holocene
(11.9–9.5 cal kyr BP), followed by a dry climate during the
mid-Holocene (9.5–5.5 cal kyr BP), while a stable and less dry
climate occurred after 5.5 cal kyr BP (Zhao et al., 2007). The
climate pattern was contradicted to most hydroclimate patterns
on the northeastern Tibetan Plateau, such as the Qinghai Lake
(Chen et al., 2016), Ximencuo Lake (Herzschuh et al., 2014), and
Gahai Lake (Chen et al., 2007). What is more, Zhao et al. (2007)
suggested that the position of the subtropical monsoon, the mid-
latitude westerlies, and the local topography all contributed to the
climate pattern in the Hurleg Lake area, while Zhao et al. (2010)
found that the generally dry climate between 7.8 and 1.0 cal kyr
BP could be correlated with decreases in East Asian and Indian
monsoon intensities, and Fan et al. (2014) hold that the
Westerlies and local topography rather than Asian summer
monsoon dominate the moisture availability in this region
during the Holocene. Thus, the climate pattern of the
northeastern Tibetan Plateau remains unclear and
controversial. These records also suggest the need for a denser
network of sites to better clarify the spatially complex pattern of
climate change and atmospheric circulation in this region.

Herein, we present a well-dated and multi-proxy paleoclimate
record from a sediment core in Hurleg Lake (northeastern TP)
covering ∼16.1–∼0.2 cal kyr BP, based on the characteristics of
authigenic carbonate oxygen isotopes, organic indexes (C/N), and
n-alkane-derived indexes. Combined with multi-proxies
including previously published organic and inorganic
geochemical indexes, we reconstruct the detailed climate
evolution in the study area and discuss the forcing
mechanisms. Our results provide more accurate scientific data
and references for paleoclimate reconstruction to strengthen
predictions of future climate evolution on the Tibetan Plateau.

STUDY AREA

Hurleg Lake (37°14′–37°20′N, 96°51′–96°57′ E, elevation 2,817 m
a.s.l) lies east of the Qaidam Basin, in the northeastern Tibetan
Plateau (Figure 1). The lake covers an area of approximately
57.9 km2, with an average water depth of 2.0 m and a maximum
water depth of 9.6 m. The salinity of Hurleg Lake, which belongs
to the freshwater lake of the sodium sulfate subtype, is about 1 g/l
(Zhao et al., 2007). The Hurleg Lake region is outside the East
Asian summer monsoon (EASM) edge currently and generally
has a continental arid climate (Tian et al., 2001, 2003). The region
is characterized by a large difference in the mean temperature
between summer and winter, ranging from −9.7°C to 15.6°C, and
the average annual temperature was about 4°C (1.6°C–5.2°C) over
the past 48 years (1956–2004, Delingha climate station) (Yi et al.,
1992). The annual precipitation is approximately 160 mm, and
annual evaporation is ca. 2,000 mm (Yi et al., 1992; Zhao et al.,
2013). The water in Hurleg Lake is mainly recharged by surface
runoff, from the Bayin River and Barogen River, which both
eventually flow into Toson Lake through a small stream (Wang
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and Dou, 1998; Zhao et al., 2010, 2011). Located in the temperate
desert zone, the main vegetation in the lake area is desert
grassland (gravel desert) and desert shrub (vial desert) (Zhou
et al., 1990). The coastal area of the lake is surrounded by a large
portion of marsh vegetation including common reeds
(Phragmites communis), Hippuris spp., and Scirpus spp., (Zhao
et al., 2007).

MATERIALS AND METHODS

Coring and Age Model
A 520-cm-long sediment core named HL18-3 (37°15′10.91″N,
96°51′06.06″E) was recovered in a wetland at the southwest edge
of Hurleg Lake (Figure 1) using portable soil sampling rig in July
2018. The sediment core was wrapping up by aluminum foil
paper and preserved by a plastic tube. The HL18-3 core lithology
is composed of yellowish-brown silt (0–171 cm), pale yellow mud
(171–285 cm), gray–white silt mingled with plant residues
(285–383 cm), light gray mud (383–448 cm), dark gray silt
(448–505 cm), and gray–white silt (505–520 cm) (Figure 2),
sequentially.

Six sediment organic matter samples and two plants residue
samples derived from the HL18-3 core (Table 1) were collected
for accelerator mass spectrometry (AMS) 14C dating (Ma et al.,
2021). The 14C age was calibrated with the IntCAL13 curve
(Reimer et al., 2013), and then the calibrated 14C ages were
used to reconstruct the age-depth model in the R software
package bacon v.2.3.7 (Figure 2) (Blaauw and Christen, 2011;
Blaauw et al., 2020). Considering the “old carbon” effect, the
upper 3.5-m core was analyzed through the method of
geomagnetic relative paleointensity (RPI). Before the RPI test,
the rock magnetic and environmental magnetic experiments were
conducted. Using NRM30mT/SIRM30mT as the index of RPI
change, the upper 167 cm generally conforms to the established
criteria for RPI reconstruction (Ma X. et al., 2021). By matching
our RPI results with published RPI records, three credible RPI
ages were gotten in the upper 167 cm of the HL18-3 core

(Table 1) (Ma et al., 2021). The AMS 14C ages were
determined on the AMS at the Beta Analytic, Miami, USA.
The magnetic experiments were carried out in the
Palaeomagnetism and Geochronology Laboratory of the
Institute of Geology and Geophysics, Chinese Academy of
Sciences. Data of AMS 14C ages as well as the rock magnetic
and environmental magnetic were published on the journal
“Quaternary Geochronology” (Ma et al., 2021).

Authigenic Carbonates
The analyses of δ13C and δ18O of carbonates were conducted on
the gas stable isotope mass spectrometer (Thermo Scientific
Delta V—GasBench II, Thermo Fisher Scientific, Waltham, MA,
USA). Prior to measurement, plant residues and microbiological
shells were picked out under a magnifying glass. After that, each
sample was sieved less than 200 mesh. The treated sediment
samples were loaded into glass vials and placed in an aluminum
heating block of GasBench II; samples (∼0.1 g) were purged by
helium for 7 min, followed by treating with supersaturated
phosphoric acid (98%) for 2 h, and the reaction temperature
is 72°C. Ultimately the CO2 generated by the reaction was
carried into the Delta V by helium for detection. The
international reference material is NBS-18, the national
reference material is GBW04405, and the delta values are
reported in per mil relative to the Vienna Pee Dee Belemnite
(VPDB), with error less than 0.1‰.

Organic Proxies
The organic elements were determined by a vario MICRO cube
(Elementar Company, Langenselbold, Germany). After
combustion, the sample was further catalyzed and C and N
elements were converted into detectable gases within a redox
process. Pure oxygen was introduced into the system to support
combustion. After combustion, the sample was further catalyzed
and redox catalyzed, in which C and N elements were all
converted into various detectable gases. After further
separation by a chromatographic column, these gases were
finally analyzed by the detector.

FIGURE 1 | Location of the study area. (A)Map showing the study site of Hurleg Lake (red pentagram); the purple, green, and blue arrows indicate westerly wind,
Indian monsoon, and East Asian monsoon, respectively; the modern East Asian monsoon limit is shown by the green dashed line (after Gao, 1962; and Chen et al.,
2008). (B) Core locations of HL18-3 (this study, red solid Pentagram), HL05-2, HL06-1, and HL06-2 (red solid circles) (Zhao et al., 2010).
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X-ray Diffraction Method
The X-ray diffraction (XRD) experiment was conducted on
Ultima IV. Samples were crushed to <200 mesh in an agate

mortar, and then the powder sample was loaded into the
aluminum circular sample tank with the sample spoon.
Finally, the sample was transferred into the instrument for

FIGURE 2 | Age-depth model of the HL18-3 core based on bacon. The red solid circles are the RPI age, the blue marks are AMS 14C ages dated by
organic matter, and the green mark is AMS 14C age dated by plant remains; the shaded part between the gray dotted lines represents the error interval.
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testing. The scanning mode was 2 theta/theta goniometer; the
sample level does not move. The technical indexes of the
instrument were as follows: scanning range, 0.5–159°;
minimum step, 0.0001°; angle reproducibility <0.0001°.

RESULTS

A total of 12 samples were collected at intervals of ∼50 cm for the
analysis of the XRD results to determine the mineral types. The
main carbonate mineral is calcite, ranging from 17.4% to 86.3%,
with an average value of 52% (n � 12). The total percentage of
calcite and aragonite varied from 74.0% to 92.2%, with an average
value of 82.4% (n � 12). Other minerals, such as dolomite and
gypsum, are rare (Table 2).

A total of 65 subsamples were collected at 8-cm intervals from
the HL18-3 core and analyzed on the Delta V (Thermo Scientific).
The values of δ13Ccarb ranged from −2.29% to 5.19‰, with an
average value of 1.88‰ (n � 65), and those of δ18Ocarb ranged
from −8.39% to −1.52‰, averaging −5.16‰ (n � 65) (Table 3).
δ13Ccarb displayed a generally positive trend during the Lateglacial
and became negatively correlated with fluctuation from Early to
Late Holocene (Figure 5A).

C/N ratios were generally utilized to distinguish organic
matter derived from various sources. In the HL18-3 core, 64
samples were analyzed for C and N elements (Table 3), and the
C/N ratios varied from 29.3 to 0.1, with an average value of 12.7
(n � 64). The C/N ratios were relatively high during the early to
mid-Holocene, while an uptrend occurred in the Lateglacial and
displayed a decreased tendency in the late Holocene interval
(Figure 5A).

DISCUSSION

Age-Depth Model
Using linear extrapolation, the calculated RPI age at 9 cm of the
core was 160 cal yr BP, and that at 50 cm of the core was
1,000 cal yr BP; the corresponding AMS 14C ages were
2,595 cal yr BP and 3,773 cal yr BP, respectively. Thus, the “old
carbon” reservoir ages at 9 and 50 cm were 2,435 cal yr BP and
2,773 cal yr BP, respectively, which is close to the reservoir age
(2,758 cal yr BP) of core HL06-2 from Hurleg Lake (Zhao et al.,
2009; Zhao et al., 2010).

However, owing to the spatiotemporal variability of the carbon
reservoir, the carbon reservoir could differ between the sediment

TABLE 1 | AMS14C radiocarbon dates and RPI age from the HL18-3 core in the northeastern TP.

Lab code Depth (cm) AMS14C age ± error (yr
BP)

Calibrated age ± error
(yr BP)

Material

Beta-500846 9 2,490 ± 30 2,730–2,460 Organic sediment
Beta-500847 50 3,500 ± 30 3,855–3,692 Organic sediment
Beta-498158 272 4,230 ± 30 4,857–4,806 Organic sediment
Beta- 586690 380 7,400 ± 30 8,334–8,170 Plant residues
Beta-500849 380 7,220 ± 30 8,067–7,965 Organic sediment
Beta-527480 400 7,460 ± 30 8,413–8,201 Plant residues
Beta-498157 482 11,340 ± 40 13,279–13,093 Organic sediment
Beta-500851 500 12,780 ± 40 15,385–15,082 Organic sediment
Lab code Depth (cm) RPI age Material
HL-49 50 1,000 Soil sediment
HL-75 75 1,400 Soil sediment
HL-109 110 2,200 Soil sediment

TABLE 2 | Component of fine-grain carbonate evaluated by the XRD method of the HL18-3 core.

Sample Depth (cm) Calcite (%) Dolomite (%) Aragonite (%) Gypsum (%) (Calcite +
aragonite)/carbonate (%)

HL-0 0 84.62 13.12 0.00 2.26 84.62
HL-8 8 74.04 15.38 0.00 10.58 74.04
HL-40 40 86.29 13.71 0.00 0.00 86.29
HL-108 108 78.26 10.63 0.00 11.11 78.26
HL-150 150 75.90 12.31 0.00 11.79 75.90
HL-200 200 71.21 7.78 21.01 0.00 92.22
HL-248 248 18.48 12.38 69.13 0.00 87.62
HL-300 300 50.66 15.28 29.69 4.37 80.35
HL-348 348 48.43 20.47 31.10 0.00 79.53
HL-396 396 35.47 21.28 43.24 0.00 78.72
HL-440 440 17.38 18.81 63.81 0.00 81.19
HL-500 500 76.85 9.72 13.43 0.00 90.28
Average — 51.93 14.50 30.78 2.79 82.42
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cores from the same area (Reimer and Reimer, 2006; Mischke
et al., 2013; An et al., 2012; Zhou et al., 2014). Moreover, the
carbon reservoirs within the same core are not always constant
(Schneider et al., 2019; Soulet et al., 2019), and the commonly
used method of subtracting the carbon reservoir ages from the

whole section may be unreasonable. Nevertheless, the occurrence
of a linear relationship or a quadratic regression suggests that the
carbon reservoirs are constant because the hydrochemical
conditions in the lake are generally stable (Xiao et al., 2004;
Herzschuh et al., 2006; An et al., 2012; Zhang et al., 2016).

TABLE 3 | δ18Ocarb of fine-grain carbonate and C/N ratios of the HL18-3 core.

Sample Depth (cm) δ18Ocarb (PDB, ‰) C/N Sample Depth (cm) δ18Ocarb (PDB, ‰) C/N

HL-0 8 −6.02 7.24 HL-33 272 −2.95 20.43
HL-1 16 −6.79 5.76 HL-34 280 −3.00 21.60
HL-2 24 −6.10 6.16 HL-35 288 −3.50 17.54
HL-3 32 −5.99 6.11 HL-36 296 −4.02 21.72
HL-4 40 −5.66 0.13 HL-37 304 −3.93 19.88
HL-5 48 −6.65 0.11 HL-38 312 −3.56 19.06
HL-6 56 −7.34 0.33 HL-39 320 −4.90 25.08
HL-7 64 −7.84 0.27 HL-40 328 −5.31 12.56
HL-8 72 −7.86 0.36 HL-41 336 −4.27 10.50
HL-9 80 −8.39 14.45 HL-42 344 −4.10 10.37
HL-10 88 −7.99 10.83 HL-43 352 −4.50 12.70
HL-11 96 −7.16 0.12 HL-44 360 −5.16 0.10
HL-12 104 −6.72 0.12 HL-45 368 −4.84 14.82
HL-13 112 −7.40 0.25 HL-46 376 −5.27 15.70
HL-14 120 −7.75 10.81 HL-47 384 −5.75 12.78
HL-15 128 −6.93 0.10 HL-48 392 −4.20 17.15
HL-16 136 −7.39 18.68 HL-49 400 −3.32 10.39
HL-17 144 −6.90 20.27 HL-50 408 −2.68 14.45
HL-18 152 −6.17 14.41 HL-51 416 −1.99 11.72
HL-19 160 −6.86 14.08 HL-52 424 −3.37 15.60
HL-20 168 −6.02 11.17 HL-53 432 −3.68 13.09
HL-21 176 −6.42 17.39 HL-54 440 −2.03 16.37
HL-22 184 −6.95 19.35 HL-55 448 −1.52 19.59
HL-23 192 −5.42 21.08 HL-56 456 −2.76 15.73
HL-24 200 −5.50 14.73 HL-57 464 −4.09 11.35
HL-25 208 −5.95 19.10 HL-58 472 −3.37 20.15
HL-26 216 −4.70 20.36 HL-59 480 −3.14 9.38
HL-27 224 −5.34 29.14 HL-60 488 −3.20 10.74
HL-28 232 −4.64 24.73 HL-61 496 −2.22 0.06
HL-29 240 −5.36 29.27 HL-62 504 −6.36 0.12
HL-30 248 −3.43 21.08 HL-63 512 −7.74 0.05
HL-31 256 −3.72 17.16 HL-64 520 −5.49 —

HL-32 264 −5.52 18.13 Average — −5.16 12.72

FIGURE 3 | Relationship between ages and depths in the HL18-3 core. The former is the linear relationship and the latter is the quadratic regression relationship.
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According to the analysis of the relationship between ages
(including three RPI ages in the upper 110 cm and five
AMS14C ages under 110 cm) and depths, we obtained a
significant linear relationship (R2 � 0.93, p < 0.001, n � 8) and
quadratic regression (R2 � 0.99, p < 0.001, n � 8) (Figure 3).
Three ages obtained by the geomagnetic RPI method are reliable
and not affected by the reservoirs. The linear and quadratic
regression relationship suggests that there is little or no carbon
reservoir effect below 110 cm (Ma et al., 2021). To support this
finding, the radiocarbon dating of plant remains in a sample at
380 cm returned a date practically identical to that dated by the
organic matter at the same depth (Table 1).

Origin of Carbonates
Previous studies have shown that the carbonate in lake sediments
with grain sizes less than 200–300 mesh is authigenic carbonate
(Jiang andWu, 2003; Zhang et al., 2016). In order to minimize the
possible effect of exogenous carbonate, samples <200 mesh were
selected for testing carbonate isotopes. In addition, the XRD
results displayed that calcite was the dominated carbonate
mineral, with the calcite and aragonite contents accounting for
82.3% of the total carbonate. In contract, the contents of dolomite
and gypsum are relatively low (Table 2). Moreover, we found no
large exposed carbonatite in the study area. Consequently, fine-
grained carbonates can represent lake authigenic carbonate.

Furthermore, several studies have reported positive or
negative correlations between δ18Ocarb and δ13Ccarb. Talbot
and Livingstone (1989) and Talbot (1990) found that δ18Ocarb

was positively correlated with δ13Ccarb across a large number of
lakes in central Asian and Africa; they also identified a stronger
correlation with longer water retention time but no correlation in
open lakes. In addition, Leng and Marshall (2004) revealed that
δ18Ocarb correlated positively with δ13Ccarb in the sediment of
freshwater and saltwater lakes, but not in groundwater recharge

lakes. The positive correlation between δ13Ccarb and δ18Ocarb in
the lakes of northwestern China reported by Zhang et al. (2016)
indicated a closed lake, with a long retention time and obvious
salinization characteristics. The δ18Ocarb and δ13Ccarb results of
carbonate in the HL18-3 core showed consistent variability
patterns, exhibiting a positive correlation (Figure 4, n � 65, R2

� 0.4071, p < 0.001). The Hurleg Lake is a freshwater lake in
which the sodium sulfate subtype is about 1 g/l (Zhao et al., 2007).
Although Hurleg Lake is currently an open freshwater lake, its
salinity was generally higher in the past (Figure 6E) (He et al.,
2016). In addition, according to the annual total river inflow and
lake volume, the mean residence time of the Hurleg Lake is
approximately 1 year (Zhao et al., 2010).

The variability in carbonate content under different water
depths at Hurleg Lake was found to be controlled by the dilution
of endogenic carbonate by fine-grained silicates delivered from
surrounding deserts with sparse vegetation cover (Zhao et al.,
2010). Thus, the change in the carbonate percentages was used to
reflect the variation in water depth. Prior to the study, Zhao et al.
(2010) observed a flash flood event in 2005, in which a large
amount of alluvial sediment was transported from the area west
of the lake. However, more detrital material was deposited in
shallow water because the dense vegetation covering the lake
bottom trapped the materials in the littoral zone. Similarly, the
inflowing rivers are surrounded by dense marshes, and river
channels are unlikely to transport clastics into the lake (Zhao
et al., 2010). The HL18-3 core is located in the southwestern part
of the lake, where it is far away from the river mouth (Figure 1B).
Although exogenous clastic minerals might have an effect on
sedimentary carbonate, the effect is likely to be slight.
Accordingly, we suggest that the fine-grained carbonate in
Hurleg Lake is mainly derived from authigenic carbonates,
and the variabilities of carbonate δ18Ocarb are capable of
indicating the climate change in the study area.

FIGURE 4 | Correlation between δ 18Ocarb and δ 13Ccarb in the HL18-3 core.
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Implications of Climatic Proxies
Climatic Implications of δ18Ocarb

The carbonate δ18Ocarb values in lake sediments are generally
controlled by the δ18O of lake water, water temperature, and
disequilibrium effects (Bowen, 1990; Gasse et al., 1991; Yu and
Eicher, 1998; Leng and Marshall, 2004). Tian et al. (2003)
analyzed the δ18O of modern precipitation water derived from
the Delingha, where it is nearby the Hurleg Lake; the results
revealed a strong temperature influence on precipitation isotopic
composition in the Qaidam Basin, with higher temperature
corresponding to higher isotopic value in precipitation.
However, water temperature affects the δ18O fractionation
from lake water into carbonate, which could induce an
equilibrium fractionation coefficient of −0.25‰ per °C during
calcification (Epstein et al., 1953). The changes in δ18O values of
the HL18-3 core sediments reached 6.87‰, which led to an
approximately 27.5°C temperature difference, and there is no
evidence for such a high-amplitude change. Therefore, the
variabilities of δ18Ocarb cannot account for the variation in the
water temperature.

The disequilibrium effects were proven to be negligible at
Gengahai Lake on the northeastern Tibetan Plateau (Qiang et al.,
2017) and were rarely discussed when evaluating the
paleoclimate. Therefore, the δ18Ocarb records of the Hurleg
Lake could have been controlled primarily by variations in the
δ18O of lake water (δ18OLw). There is another fact that largely
parallel first-order variations in the δ18O values derived from
various carbonate species suggest that all the δ18O records
provide a reasonable approximation of lake water δ18O
(Apolinarska and Hammarlund, 2009; Clegg and Hu, 2010;
Qiang et al., 2017). In Hurleg Lake, water samples have an
average δ18O value of −4.9‰ (n � 15) (He et al., 2016);
besides, water isotope measurements of 13 samples taken from
Hurleg Lake between 2004 and 2007 have a range from −6.6% to
−3.3‰ for δ18O (Zhao et al., 2010). The average value of δ18Ocarb

in the HL18-3 core is −5.16‰ (n � 65) (Table 3), and the average
value of δ18Ocarb from the upper 50 cm of the HL18-3 core is
−6.20‰ (n � 6); the δ18Ocarb values are similar to the δ18O in the
lake water. Therefore, it is considered that the changes in δ18Ocarb

can represent the variation of δ18O in lake water. Hence, factors
contributing to δ18OLw will in turn affect the composition of
δ18Ocarb. Among these factors, the δ18O values of the regional
rainfall and lake hydrology are the most significant ones (Zhang
et al., 2011). Meteorological data from the Delingha weather
station show that the lake area of Hurleg Lake was significantly
correlated with the annual runoff of the Bayin River (R � 0.78),
while the latter is closely related to the mean annual precipitation
(Fu et al., 2008; Fan et al., 2014). On the other hand, compared to
the annual runoff of the Bayin River, meteorological analyses
show that melting ice and snow from glaciers are in low
proportion (Fu et al., 2008; Fan et al., 2014). Therefore, the
lake area and lake level of Hurleg Lake are dominated by the
annual precipitation of the lake catchment (Fan et al., 2014).
Correspondingly, the variations in moisture sources and
precipitation amounts were considered as significant controls
on δ18Ocarb.

In general, moisture transported by the Westerly wind to the
region is much more 18O-depleted than that from the summer
monsoon (Araguás-Araguás et al., 1998; Tian et al., 2007；;
Zhang et al., 2011). Hurleg Lake is located in the transition
zone of Westerly wind and Asian monsoon in the past
(Winkler and Wang, 1993; Zhao et al., 2011); the variation of
moisture source has excellent potential for affecting δ18O in
precipitation. Besides, there is a negative correlation arising
from the “amount effect,” whereby the heaviest rainfall is most
depleted in δ18O (Dansgaard, 1964; Zhang et al., 2011). In the
monsoon region, significant correlations between δ18O of
precipitation and rainfall amount were observed from the
meteorological station (Johnson and Ingram, 2004; Dayem
et al., 2010). Although the precipitation amount in the Hurleg
Lake region now is low, in the past, the precipitation amounts
probably are in large value. This is due to the elevation of three
palaeoshorelines in the Holocene which are ∼4, ∼7, and ∼9 m
above the present lake level (Fan et al., 2014), and there was a
mega-paleolake during the early Pleistocene to late Pleistocene
(∼2,800–2,700 m a.l.s) in the north-eastern Qaidam Basin
(Huang and Cai, 1987). Thereby, the rainfall amounts could
also contribute to the variabilities of δ18O in precipitation, in turn
affecting δ18Ocarb in lake sediments.

In dryland regions, for closed lakes, the water loss is
dominated by the evaporation; δ18OLw is therefore strongly
influenced by the precipitation/evaporation (P/E) ratio. In
previous studies, variations in the δ18Ocarb of lake sediments
derived from arid to semiarid regions have always been
interpreted as reflecting the balance between regional
precipitation and evaporation (P/E) (Lister et al., 1991; Wei
and Gasse, 1999; Liu et al., 2007; Zhang et al., 2011). In south
Tibet, Tian et al. (2008) suggested that the δ18OLw values in
several closed lakes are very sensitive to relative humidity.
However, the Hurleg Lake is an open lake, the rapid discharge
of a lake system always reduces the lake water residence time and
thus decreases the effect of evaporation on δ18OLw (Develle et al.,
2010). The Donggi Cona Lake in the Tibetan Plateau provided
good evidence, due to the δ18Ocarb values becoming more
negative after ∼4.0 cal kyr BP, when the lake became
hydrologically open (Mischke and Zhang., 2010). Nevertheless,
a recent study on isotopes of Hurleg Lake water displayed that the
δ18O values suffered from a cumulative evaporation effect in
which it became stronger from source water to hydrologically
open lakes (e.g., Hurleg Lake), then to closed lake systems (He
et al., 2016). Further, the results of 2H and 18O derived from
Hurleg Lake water samples fall on a local evaporation line,
indicating that the lake water isotopes were influenced by
evaporation (He et al., 2016). Therefore, it seems that the
impact of evaporation on open lakes cannot be ignored.

Overall, the shifts of δ18Ocarb values from negative to more
positive in the Hurleg Lake region over the episodes since the
Lateglacial can be interpreted primarily as a decrease in the
amounts of precipitation coupled with an increase in the
regional P/E ratios, indicating the decrease in regional effective
precipitation (Zhang et al., 2011) and representing a dryer
climate. Besides, the changes in the moisture source between
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westerly wind and Asian monsoon may also have played a
dramatic role in controlling the δ18Ocarb values.

Climatic Implications of Organic Proxies
Organic matter in the lake sediments originating from terrestrial
higher plants contains a large number of nitrogen-free
biomacromolecules, such as lignin, cellulose, and
hemicellulose, which are characterized by carbon enrichment.
In contrast, aquatic plants, such as phytoplankton, are
characterized by nitrogen enrichment because they are rich in
proteins and other substances (Meyers, 1994b; Meyers, 1997;
Hedges, et al., 1997). Therefore, the C/N ratio can be utilized to
distinguish organic matter derived from various sources, where
the C/N ratio ranges of 4–10, 10–20, and >20 correspond to
aquatic plants or algae, submerged/phytoplankton or mixed
sources of terrestrial and emergent plants, and terrestrial
higher plants, respectively (Meyers, 1994b; Jia and Peng, 2003;
Hu et al., 2009).

Atmospheric CO2 exists in three isotopic forms (12CO2,
13CO2, and

14CO2); owing to the different activities of light
and heavy isotopes in thermal gradients or biochemical
reactions, carbon isotope fractionation occurs in plants during
transpiration and biosynthesis. The mean δ13CTOC value for C3

plants is −27‰ (range from −33‰ to −22‰), and for C4 it is
−13‰ (range, −16–9‰) (Cerling et al., 1997). For individual leaf
wax n-alkanes, δ13C values are ∼6‰–8‰ lower than for bulk
tissues (Rieley et al., 1993; Huang et al., 2001); thus, the
variabilities of individual leaf wax n-alkanes can reflect
changes in C3 and C4 plants. C4 plants prefer to grow in areas
with sufficient sunshine, higher temperatures, and drier
conditions, primarily composed of warm and dry grassland
vegetation (Edwards and Smith, 2010; Strömberg, 2011). C4

plants have a higher water-use efficiency than C3 plants and
enriched in δ13C31 (Edwards and Smith, 2010; Strömberg,
2011). Several recent studies suggested that submerged
aquatic plants with enriched δ13C may contribute to the
concentrations of long-chain n-alkanes (nC27, nC29), while
nC31 is a reliable proxy for estimating the variabilities of C4

plants (Liu and Yang, 2015; Liu and Liu, 2016). Thus, δ13C31

was used to reconstruct the evolutionary history of C4

vegetation (Ma et al., submitted for publication). Generally,
higher δ13C31 suggests an expansion of C4 plants,
corresponding to a warmer climate.

Climate Changes on the Northeastern
Tibetan Plateau Since the Lateglacial
Lateglacial (Ca. 16.1–11.1 cal kyr BP)
The generally enriched δ18Ocarb value of fine-grained carbonates
suggested a decreased effective precipitation and thus a dryer
climate during this period (Figure 5A). However, during this
period, the fluctuating upward trend of mean annual
precipitation in the Ximencuo Lake northeastern TP coincided
with a wetter climatic condition (Figure 7E) (Herzschuh et al.,
2014), and the depleted δ18O of stalagmite calcite from Dongge
Cave indicates a strong intensity of Asian monsoon (Dykoski
et al., 2005). In addition, the increased C/N ratio revealed that the

contribution of terrestrial higher plants to sediments increased
(Figure 5B), and the C4 plants expanded as indicated by more
positive δ13C31 values (Figure 5C). These results indicated a
flourishing of terrestrial and aquatic plants, corresponding to a
warm-wet climatic environment. Typically, moisture transported
by the summer monsoon to the Tibetan Plateau is more
δ18O-enriched than that of the westerly wind, because of the
higher condensation temperature and/or weaker “rain-out” after
a shorter air-mass transport distance (Araguás-Araguás et al.,
1998; Tian et al., 2007; Qiang et al., 2017). In addition, the δ18O
values of fresh snow samples derived from the Qaidam Basin in
January 2000 ranged from −29.4‰ to 20.8‰ (average of
−26.2‰), which is significantly more negative than that of
Hurleg Lake water (Qiang, 2002; Zhao et al., 2010).
Furthermore, a previous study on the northeastern Tibetan
Plateau revealed that the hydroclimate was controlled by
monsoon-derived, westerly derived, and/or locally recycled
moisture in several durations of the Lateglacial (Qiang et al.,
2017). Henderson et al. (2010) attributed the depleted δ18Ocarb

during the Little Ice Age at Lake Qinghai to the enhanced input of
westerly wind. Considering the rapid discharge of the Hurleg
Lake system, the δ18O of lake water was significantly correlated
with the annual runoff of Bayin River (R � 0.78), (Fu et al., 2008;
Fan et al., 2014). The dramatic hydro-variation of the δ18O
signal induced by the transformation of westerly wind and
monsoon would be recorded by the δ18Ocarb at Hurleg Lake.
Therefore, the positive shift in δ18Ocarb during 16.1–14.8 cal kyr
BP in the Hurleg Lake may be dominated by the strengthened
monsoon, and after ∼14.8 cal kyr BP, δ18Ocarb represents
multiple changes in monsoon intensity (Figure 5A). The
δ18Ocarb derived from the lake sediments in the adjacent
areas of Geanggahai Lake in the Qaidam Basin, northeastern
Tibetan Plateau, displayed a similar tendency with that of
Hurleg Lake (Figure 7B). Combined with other evidence
derived from Geanggahai Lake, the data suggest that the
Asian summer monsoon may start to dominate the study
region at ∼15.3 cal kyr BP (Qiang et al., 2017).

Accordingly, the depleted δ18Ocarb indicated a wet climate
from ∼14.8 to ∼12.0 cal kyr BP and enriched δ18Ocarb values
during 12.0–11.1 cal kyr BP (Figure 5A), indicating a switch to
a drier climate. These findings are in good agreement with the
climate reconstructions interpreted by C/N and δ13C31

(Figure 5B). The wet-warm conditions at 14.8–12.0 cal kyr BP
were likely a response to the wet-warm Bølling/Allerød (B/A)
event in the northeast Atlantic Ocean (Bard et al., 2000). At that
time, pollen records from Lake Ximencuo on the northeastern
Tibetan Plateau inferred that a Cyperaceae-rich high alpine
meadow replaced the dry glacial flora at ∼15.5 cal kyr BP,
which was then further replaced by alpine meadow and
shrubland at 14.0–12.5 cal kyr BP, indicating a humid climate
(Herzschuh et al., 2014). The corresponding pollen-based mean
annual temperature and precipitation showed a gradual
increasing trend in 15.5–12.5 cal kyr BP and showed lower
values during 12.5–10.8 cal kyr BP (Figures 7D,E) (Herzschuh
et al., 2014). In addition, the UK

37 record at Lake Qinghai inferred a
significantly increase in temperature since 15.1 cal kyr BP, which
remained at relatively high temperature until 12.6 cal kyr BP. This
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was followed by a lower temperature during 12.6–11.7 cal kyr BP
(Figure 7C) (Hou et al., 2016).

After that, the 12.0–11.1-cal kyr BP dry interval at the Hurleg
Lake may be linked to the Younger Dryas period (Shakun and
Carlson, 2010), which markedly affected most regions of the
Northern Hemisphere, including the Tibetan Plateau. Lake
Dongxiong Co. in the southwestern Tibetan Plateau
experienced a 3.8°C drop in temperature during
12.3–11.4 cal kyr BP (Ling et al., 2017). Other lake records on
the Tibetan Plateau, such as Qinghai Lake (Ji et al., 2005), Lake
Sumxi Co. (Gasse et al., 1991), and Lake Nam Co. (Günther et al.,
2015), revealed a commonly cold-dry/wet climate lasting from
∼12.9 to ∼10.0 cal kyr BP.

Early to Mid-Holocene (Ca. 11.1–4.8 cal kyr BP)
Soon after 11.1 cal kyr BP, the δ18Ocarb values rapidly decreased
and reached a relatively low value at ∼10 cal kyr BP and then
increased (Figure 5A), inferring a wet climate in the early
Holocene, which may be induced by the enhanced Asian
monsoon (Figure 8E) (Dykoski et al., 2005). Since ∼8.3 cal kyr
BP, δ18Ocarb quickly depleted and then gradually enriched,
reflecting a wetter climate than the previous stage, and a drier
climate in the late mid-Holocene (Figure 6A). During this
interval, the δ13C31 values were generally high in
11.1–9.2 cal kyr BP and then decreased to low values during
9.2–8.3 cal kyr BP. This corresponds to a warm climate at the
beginning of the Holocene, which was interrupted by a cold
interval around 8.3 cal kyr BP (Figure 5C). The ∼8.3-cal kyr BP
cold event has been commonly acknowledged in large numbers of

studies on the Tibetan Plateau (Herzschuh et al., 2006, 2014;
Mischke and Zhang, 2010; Zhang and Mischke, 2009) and in the
Hurleg Lake (Zhao et al., 2007; Zhao et al., 2010; Zhao et al., 2013;
He et al., 2016). The precipitated carbonate δ18O of the HL05-2
core showed a similar variation trend to the δ18Ocarb in the HL18-
3 core during 9.2–8.3 cal kyr BP (Figure 6B), which signified a
dry climate (Zhao et al., 2010). Moreover, the lake level reflected
by the carbonate content suggested that of the lake contracted
notably at ∼7.9 cal kyr BP (Figure 6C) (Zhao et al., 2010). The
reconstructed salinity via alkenone-based %C37:4 exhibited
relatively high values at 7.7–8.2 cal kyr BP (Figure 6E),
indicating a dry climate (He et al., 2016). Besides, Uk’

37-derived
ΔT fluctuated rapidly at low values during this period, which then
increased distinctly after ∼8.0 cal kyr BP (Figure 6D) (Zhao et al.,
2013). Furthermore, pollen concentrations were low during
intervals (Figure 6F) (Zhao et al., 2007; Zhao et al., 2013),
and the C4 plant indicator was significantly reduced
(Figure 5C, Ma et al., submitted for publication);
correspondingly, the organic matter percentage declined
during 8.3–8.7 cal kyr BP (Figure 6G) (Zhao et al., 2010).
When considering chronological errors, we determined the
occurrence of a vital cold-dry event, which may be related to
the frequently recorded 8.2-cal kyr BP cold event in the North
Atlantic and many parts of the world (Johnsen et al., 1992; Alley
et al., 1997; Thomas et al., 2007; Hede et al., 2010).

The enriched δ13C31 value after ∼8.3 cal kyr BP indicates a
recovery of C4 plants (Figure 5C). From ∼8.0 to ∼6.2 cal kyr BP,
the low δ18Ocarb value suggested a generally wet climate,
corresponding to a high lake level, reported by Fan et al.

FIGURE 5 | Climate proxies derived from the HL18-3 core. (A) The δ18Ocarb in the HL18-3 core. (B) The C/N ratios in the HL18-3 core. (C) The n-alkanes derived
δ 13C31 in the HL18-3 core.

Frontiers in Earth Science | www.frontiersin.org November 2021 | Volume 9 | Article 74597210

Ma et al. Climate Change of Tibetan Plateau

49

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


FIGURE 6 |Multiple geochemistry-proxy records derived from Hurleg Lake. (A) The δ18Ocarb in the HL18-3 core. (B) The δ18Ocarb in the HL05-2 core (Zhao et al.,
2010). (C) The carbonate percentage (%) of the HL05-2 (Zhao et al., 2010). (D)UK’

37-derived temperature record (ΔT) from the HL06-1 core (Zhao et al., 2013). (E) Salinity
indicator of alkenone-based %C37:4 derived from HL06-1 (He et al., 2016). (F) Pollen concentration from HL05-2 (Zhao et al., 2007; Zhao et al., 2013, with updated
chronology). (G) Organic matter percentage (%) of HL06-1 (Zhao et al., 2010).
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FIGURE 7 | Comparison of regional climate records. (A) The δ18Ocarb in the HL18-3 core. (B) The δ18Ocarb Genggahai Lake core (Qiang et al., 2017). (C) UK
37

inferred temperature record at Lake Qinghai for the past 16 ka (Hou et al., 2016). (D) Pollen-based Tann (mean annual temperature) from Lake Ximen Cuo on the
northeastern TP (Herzschuh et al., 2014). (E) Pollen-based Pann (mean annual precipitation) from Lake Ximen Cuo on the northeastern TP (Herzschuh et al., 2014). (F)
Arctic sea ice extent (de Vernal et al., 2013).
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(2014), The excessively humid climate did not favor C4 plant
growth; thus, the δ13C31 value was depleted, representing a
decrease in C4 plant biomass (Figures 5A,C). Afterward, the
higher δ18Ocarb values during 6.2–4.8 cal kyr BP suggest a gradual
drying climate, which is beneficial to the growth and expansion of
C4 plants, as reflected by the enriched δ13C31 value (Figures
5A,C). The changes in precipitated carbonate δ18O of the HL05-2
core (Figure 6B) (Zhao et al., 2010) and Genggahai Lake
(Figure 7A) (Qiang et al., 2017) were consistent with the
δ18Ocarb of the Hl18-3core during this period (Figure 6B)
(Zhao et al., 2010).

Late Holocene (Ca. 4.8–0.2 cal kyr BP)
In the late Holocene, the δ18Ocarb value showed a general
depleted trend, similar to that of other climate indices, such
as C/N and δ13C31 (Figures 5A–C). The δ18Ocarb value was
enriched during 4.8–4.3 cal kyr BP, while δ13C31 decreased
rapidly, indicating a contraction of C4 plants. All of these
proxies signified a strong abrupt cold-dry event (Figures
5A,C). The temperature indicator Uk’

37-derived ΔT showed
low values during 4.9–4.3 cal kyr BP. Moreover, the
carbonate content declined revealing a low lake level, and a
higher salinity appeared at ∼4.6 cal kyr BP, suggesting a dry
climate (Figures 6C–E) (Zhao et al., 2013; Zhao et al., 2010; He
et al., 2016). The pollen concentration and organic matter
percentage were in low value from ∼4.2 to 3.7 cal kyr BP
(Figures 6F,G) (Zhao et al., 2007; Zhao et al., 2013), which
demonstrated a dry and deteriorated climate. These results
generally signify a cold-dry event, correlated with a 4.2-
cal kyr BP event (Bond et al., 1997; Mischke and Zhang,
2010; Hou et al., 2016). The positive δ18Ocarb values observed
in the Genggahai Lake during ∼5.0–∼3.5 cal kyr BP, as well as
the decreased precipitation in Ximencuo Lake on northeastern
Tibetan Plateau during 4.9–3.8 cal kyr BP, indicated that a
hydroclimate was dry, while the temperature in the adjacent
area of Hurleg Lake, such as the Qinghai and Ximencuo lakes,
decreased dramatically (Figures 6C,D) (Herzschuh et al., 2014;
Hou et al., 2016). In addition, the sea ice coverage in the Barents
Sea increased significantly (Figure 7F) (De Vernal et al., 2013),
sea surface temperature decreased (Lea et al., 2003), and
Greenland ice core δ18O (Stuiver et al., 1995) notably
decreased during this period, indicating a global cold event
at ∼4.2 cal kyr BP.

After the rapid cold-dry event, the climate conditions
improved slightly around 4.2–3.0 cal kyr BP, as shown by a
negative δ18Ocarb (Figure 5A), indicating a higher input of
effective precipitation. However, the C/N ratio revealed a
higher input of terrestrial plants, while the depleted δ13C31

pointed to less C4 plants (Figure 5C). Here we argued that
although the C4 plants decreased, with the more rapid
expansion in C3 plants, it led to a high value of the C/N ratio.
In the meantime, the decrease of C4 plants also suggests that the
climate is gradually turning cold (Figure 5C). Subsequently, the
climate displayed a generally cold-wet trend, as revealed by
δ18Ocarb, C/N, and δ13C31 (Figures 5A–C). Fan et al. (2014)
reported that a high lake level occurred during 2.2–1.4 cal kyr,
and Song et al. (2020) also revealed a moderately wet climate after

2.5 cal kyr BP by sediment grain size and δ13C of authigenic
carbonate in the Hurleg Lake.

Implications Between EASM-Westerly
Interaction and Climate Changes
Multiple climate systems including the EASM, the Indian
Summer Monsoon (ISM), and the westerly jet (Chen et al.,
2008; An et al., 2012; Hou et al., 2017) together contributed to
the complex climate condition of the Tibetan Plateau. The Hurleg
Lake region now is located outside of the northern edge of the
EASM (Figure 1A), deduced from the stable isotope analysis of
local precipitation collected nearby the Delingha station located
∼30 km northeast of the lake (Tian et al., 2001, 2003). The region
is located in the transition zone between the westerlies and the
EASM, and owing to the instability of the transition zone between
the westerly jet and the EASM, the Hurleg Lake area was
influenced by both the westerlies and the EASM in the past
(Bryson, 1986; Winkler and Wang, 1993; Zhao et al., 2007).
However, in contrast to the acknowledged synchronous variation
between precipitation and temperature (Zhang et al., 2011)
controlled by the EASM, regimes dominated by the westerly
jets are multivariable in moisture and other climate conditions
(Chen et al., 2019). Neither our temperature indicator (δ13C31)
nor our moisture index (δ18Ocarb) showed a consistent pattern
with EASM intensity (Figure 8E) or the westerlies; thus, we
assume that both of them affected the study area.

In general, the n-alkane-derived δ13C31 values (Figure 8A,
green line)—the temperature-related proxy—showed a similar
trend to that of maximum insolation at 35°N since ∼16.1 cal kyr
BP (Figure 8A, black line), which suggests that the long-term
temperature variability was controlled by insolation. However,
the variation in humidity in the northeastern TP is much more
complex than that of temperature. At ∼14.8 cal kyr BP, the
westerly index (WI) recorded in Qinghai Lake decreased
significantly (Figure 8C) (An et al., 2012), while the Asian
monsoon intensified gradually (Figure 8E) (Dykoski et al.,
2005). This result coincides with our δ18Ocarb values, which
suggests that the enriched δ18Ocarb at ∼14.8 cal kyr BP was
caused by the enhanced Asian monsoon. Although we
attributed the δ18Ocarb variabilities in the HL18-3 core to
changes in the Asian monsoon precipitation during
14.8–12.0 cal kyr BP, there may be other controlling factors.
We noticed another turning point at ∼13.3 cal kyr BP, in
which the westerly wind intensified and the Asian monsoon
weakened during 13.3–12.0 cal kyr BP. The opposite change
occurred during 12.0–11.0 cal kyr BP (Figures 8C,E) (An
et al., 2012; Dykoski et al., 2005). The negative δ18Ocarb value
indicates that a wetter climate could have been caused by both the
Asian monsoon and westerly wind during 13.3–12.0 cal kyr BP.
According to the reconstructed δ18O and δ2H values of
precipitation in the Qinghai, Bangong Co., and Linggo Co.
Lakes in the northern TP, the positive δ2H values in the three
lakes during 10.0–12.0 cal kyr BP support a weakened monsoon
in the TP during the late Pleistocene (Yao et al., 2013; Hou et al.,
2017). The abrupt decrease in δ2H in all three lakes during the
early Holocene signified an increased monsoon intensity (Yao,
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FIGURE 8 | Coordination of the role between EASM and Westerly in the Hurleg lake. (A) The δ13C31 in the HL18-3 core (light green), max insolation of 35°N (black
line, Laskar et al., 2004). (B) The δ18OcarB in the HL18-3 core. (C) Lake Qinghai Westerlies climate index (WI, flux of >25 mm fraction) (An et al., 2012). (D) Simplified
moisture evolution patterns in different regions of Asia during the Holocene (Chen et al., 2019). (E) Stalagmite calcite δ18O from Dongge Cave (Dykoski et al., 2005).
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1997; Hou et al., 2017). Thus, it is considered that since
∼11 cal kyr BP, the variation of moisture in the Hurleg Lake
area was predominantly controlled by Asian monsoon, until
∼4.0 cal kyr BP, in which the intensity of monsoon declined
gradually (Figure 8E) (Dykoski et al., 2005).

Nevertheless, the intensity of the monsoon has been
decreasing over the past ∼4.0 cal kyr BP (Dykoski et al., 2005),
while the depleted δ18Ocarb value reflects a wetter climate
condition (Figures 8B,E). Thus, the Asian monsoon is
unlikely to be the dominant moisture source after
∼4.0 cal kyr BP, while the synthetic model of humidity from
the entire area of westerly Asia (ACA) displayed an increasing
trend (Figure 8D) (Chen et al., 2019), which likely contributed
to the increased humidity in the Hurleg Lake region. Thomas
et al. (2016) suggested that the hydroclimate of Qinghai Lake
during the late Quaternary was mainly dominated by westerly-
derived moisture, and the low δ18Ocarb values in the lake
during the Little Ice Age was likely caused by westerly-
sourced moisture (Henderson et al., 2010). Therefore, the
negative shift in the δ18Ocarb value during the late Holocene
could have resulted from strengthened westerlies, which
provided more depleted δ18O precipitation to the lake
(Qiang et al., 2017). The pattern of oxygen isotope
fluctuations at Hurleg Lake strongly suggests that the
northeastern TP was alternately dominated by the westerlies
in the late Holocene.

In summary, the hydroclimatic evolution of Hurleg Lake, as
revealed by multiple proxies, including δ18Ocarb, C/N of HL18-3
core, carbonate content and organic matter percentage (Zhao
et al., 2010), and pollen concentration (Zhao et al., 2007), was
generally controlled by both the westerlies and the Asian
monsoon during the Lateglacial, the Asian monsoon during
the early to mid-Holocene, and the westerlies during the late
Holocene.

CONCLUSION

Based on multiple geochemical proxies, including inorganic
(δ18Ocarb), and organic indicators (C/N, δ13C31), we
reconstructed paleoclimatic evolution history in the Hurleg
Lake area, northeastern Tibetan Plateau since ∼16.1 cal kyr BP:

1) 16.1–11.1 cal kyr BP (late glacial): a generally warm-wet
climate occurred during 16.1–12.0 cal kyr BP, which was
interrupted by a cold-dry phase at 12.0–11.1 cal kyr BP.

2) 11.1–4.8 cal kyr BP (early to mid-Holocene): warm-wet
climate conditions occurred in the early Holocene, which
was interrupted by the 8.3 cal kyr BP cold-dry interval.
After then, the climate became wet and warm during the
mid-Holocene.

3) 4.8–0.2 cal kyr BP (late Holocene): a cold-dry event occurred
during 4.8–4.3 cal kyr BP, which was followed by a cooler
climate with increasing humidity.

Comparisons of regional climate records suggest that although
several global cold events affected the climate condition of the
northeastern TP in the short term, the long-term alternation of
cold-warm environmental conditions was controlled by
insolation. The hydroclimatic evolution reflected by δ18Ocarb

documented both westerly and Asian monsoon effective
precipitation. By combining multiple hydroclimate proxies, we
found that the precipitation in the study region was firstly
controlled by both westerly wind and Asian monsoon during
the Lateglacial, the Asian monsoon during the early to mid-
Holocene, and the westerly winds during the late Holocene.
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Distribution Characteristics of
Long-Chain Branched Alkanes With
Quaternary Carbon Atoms in the
Carboniferous Shales of the Wuwei
Basin, China
Li Xu* and Jiangong Wang

Petrochina Northwest Research Institute of Petroleum Exploration and Development, Lanzhou, China

The branched alkanes with quaternary carbon atoms (BAQCs) and monomethylakanes
(MMAs), cycloalkanes, monoethylalkanes (MEAs) have been detected by GC-MS in the
saturated hydrocarbons fractions of Carboniferous black shale from the Wuwei Basin in
northwest China. Nine series of BAQCs (series A-I) are present in Carboniferous black
shale, which are concomitant with two series of long-chain cycloalkanes, two series of
MMAs and one series of MEAs. All of these series are expressed as exclusively odd or
exclusively even carbon numbers with consistent changes of abundance in the samples,
meanwhile, based on the analysis of basic geochemical characteristics and other
biomarkers of the samples, we presume that it possessed a similar parent materials or
evolutionary process and weak oxidation-reduction sedimentation environments. In
addition, the results show that the abundance of the long-chain branched alkanes is
highly correlated with the odd-even predominances (OEP (15–19)) of the short-chain
n-alkane. The lower the OEP (15–19) values of the short-chain n-alkane are (more
significant the even-carbon dominance), the higher the abundance of the long-chain
branched alkanes. The significant even-carbon dominance of the short-chain n-alkanes
indicates the strong input of archaea or algal organic matter. The relatively wide occurrence
and high abundance of these alkanes suggests a relationship with specific
paleoenvironment and paleoclimate conditions.

Keywords: BAQCs. C2n compounds, long-chain cyclicalkane, biomarker, characteristics and origin, carboniferous
shales

INTRODUCTION

Since their recognition, long-chain branched alkanes with quaternary carbons (BAQCs) have been
considered a new and independent biomarker (Kenig et al., 2003; Bai et al., 2006). The detection of
BAQCs has been reported in sediments from the Paleoproterozoic Era (2.2Ga) to the present (Dill et al.,
1988; Shiea et al., 1990; Flaviano et al., 1994; Kenig et al., 1995; Derenne et al., 1996; Mycke et al., 1998;
Aroui et al., 2000; Logan et al., 2001; Kenig et al., 2002; Kenig et al., 2003; Bai et al., 2006; Zhang et al., 2007;
Fang et al., 2010; Zhang et al., 2014). BAQCs are compounds with many pseudohomologous series. In
addition to the most commonly reported 5, 5-diethylalkane (Series A), the BAQCs mainly include 6,6-
diethylalkane (Series B), 5-butyl-5-ethylalkane (Series C), 6-butyl-6-ethylalkane (Series D), etc. Kenig et al.

Edited by:
Yongli Wang,

Institute of Geology and Geophysics
(CAS), China

Reviewed by:
Zhifu Wei,

Institute of Geology and Geophysics
(CAS), China
Gen Wang,

Northwest Institute of Eco-
Environment and Resources (CAS),

China

*Correspondence:
Li Xu

xuli0055@126.com

Specialty section:
This article was submitted to

Quaternary Science, Geomorphology
and Paleoenvironment,
a section of the journal

Frontiers in Earth Science

Received: 22 November 2021
Accepted: 30 December 2021
Published: 20 January 2022

Citation:
Xu L and Wang J (2022) Distribution

Characteristics of Long-Chain
Branched Alkanes With Quaternary
Carbon Atoms in the Carboniferous
Shales of the Wuwei Basin, China.

Front. Earth Sci. 9:819732.
doi: 10.3389/feart.2021.819732

Frontiers in Earth Science | www.frontiersin.org January 2022 | Volume 9 | Article 8197321

ORIGINAL RESEARCH
published: 20 January 2022

doi: 10.3389/feart.2021.819732

58

http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2021.819732&domain=pdf&date_stamp=2022-01-20
https://www.frontiersin.org/articles/10.3389/feart.2021.819732/full
https://www.frontiersin.org/articles/10.3389/feart.2021.819732/full
https://www.frontiersin.org/articles/10.3389/feart.2021.819732/full
https://www.frontiersin.org/articles/10.3389/feart.2021.819732/full
https://www.frontiersin.org/articles/10.3389/feart.2021.819732/full
http://creativecommons.org/licenses/by/4.0/
mailto:xuli0055@126.com
https://doi.org/10.3389/feart.2021.819732
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2021.819732


(2005) detected nine pseudohomologous series of BAQCs in the
Mesozoic black shale of Canada, which showed exclusively odd-
carbon or exclusively even-carbon distribution patterns, and the
author concluded that they had distinct and special biogenic sources.

Kenig et al. (2003) proposed that BAQCs only existed in
special environments and that their appearance indicates a
weak oxidizing sedimentary environment that can be used to
reconstruct the transitional paleoenvironment (Menor-Salván
et al., 2010). Other studies have shown that the location of the
peak carbon of Series A reflects regular spatial changes, which
may indicate different climates. In hot and humid climates, the
main peak of Series A is dominated by C21 or C23, whereas it is
dominated by C27 in cold and arid climates (Bai et al., 2006;
Zhang et al., 2007). However, this application still requires
numerous studies on the relationship between the
characteristics of BAQCs and the sedimentary environment in
different areas, particularly quantitative studies. Unfortunately,
due to the low content of BAQCs, there is still a lack of sufficient
supporting data.

Nine series of branched alkanes with quaternary carbons are
present in Carboniferous black shale samples from the Wuwei
Basin of China, which are concomitant with two series of long-
chain cycloalkanes and other long-chain branched alkanes. We
quantitatively analyzed the characteristics of the structure,
abundance and distribution of each series of compounds,
determined the distribution of the long-chain branched
alkanes and further discuss their sources and environmental
significance to provide a reference for future applications of
BAQCs.

Study Site
The Wuwei Basin is located in western China (Figure 1A).
Because it is located far from the Qilian orogenic belt, it was
weakly affected by the Xishan tectonic movement. Thus, this

basin is one of the areas in the Qilian-Alashan region with
well-developed and preserved Carboniferous strata (Li et al.,
2010). Complete sequences of the Carboniferous strata are
widely exposed on the periphery of the basin. Emergence
stratums are of the Qianheishan formation, Chouniugou
formation, Jingyuan formation, Yanghugou formation and
Taiyuan formation (Figure 1B). The sedimentary strata in
this area mainly consist of continental strata and marine strata.
During the late Carboniferous period, the climate of the basin
was warm and humid with biological prosperity and with a
sedimentary environment of desalting lagoon, littoral marsh,
delta, littoral and neritic deposit. The dark mudstone and shale
of the Yanghugou Group that were deposited during this
period are the main source rocks of the basin (Yan and
Yuan 2011; Zhao et al., 2021).

MATERIALS AND METHOD

The 40 black shale samples in this study were all collected from
12 freshly exposed profiles of the Carboniferous Yanghugou
formation in the Wuwei Basin (Table 1). An ELTRA CSI
analyser and a Rock-Eval 6 pyrolysis analyser were
employed to measure the TOC, S1, S2, and Tmax values. The
total organic carbon (TOC) of the samples is between 1.9 and
42.8% with an average of 9.1%. The vitrinite reflectance (Ro)
measured by microscope is between 1.5 and 2.6% with an
average of 1.93%, which indicates a high abundance of
organic matter and a high maturity. The δ13C (VPDB) of
kerogen measured by stable isotope ratio mass spectrometer
(MAT 253, Thermo Fisher Scientific) equiped with element
analyzer is between -25.1‰ and -21.0‰ with an average of
-23.5‰, which reflects the samples with humic type organic
matter.

FIGURE 1 | (A) Geological sketch map of the Wuwei Basin and the location of studied section; (B) Stratigraphy of the studied area.
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TABLE 1 | Geochemical and distribution of n-alkane and Series A with 40 samples.

Sample
number

Coordinates Geochemical characteristics Alkane Series A

TOC
(%)

Ro

(%)
Pr/
ph

A Crange Cmax Crange Cmax ARA

P1-6 37° 19′10″N;
103°44′02″E

8.9 1.6 0.58 0.85 C15-
C31

C23 C17-
C31

C21 0.16

P1-10 15.4 1.7 0.61 1.03 C15-
C31

C23 C17-
C33

C21 0.06

P1-14 10.5 1.8 0.46 2.73 C15-
C29

C17 C17-
C31

C21 0.20

P1-17 4.5 1.9 0.58 0.95 C15-
C32

C23 C17-
C31

C21 0.19

P1-20 15.3 1.9 0.64 2.35 C15-
C29

C17 C17-
C31

C19 0.08

P1-C5 6.5 2.4 0.78 1.58 C15-
C31

C17 C17-
C33

C21 0.33

P1-C6 3.7 2.2 0.46 2.01 C15-
C31

C18 C17-
C31

C21 0.13

P3-4 37° 20′09″N;
103°38′21″E

10.6 2.2 0.85 1.79 C15-
C30

C16 C17-
C35

C21 0.51

P3-C1 7.8 1.7 0.85 1.54 C15-
C33

C16 C17-
C31

C21 0.23

P4-3 37° 21′17″N;
103°32′43″E

5.8 1.8 0.75 0.83 C15-
C32

C23 C17-
C35

C21 0.52

P4-C1 4.9 1.6 0.63 1.82 C14-
C30

C18 C17-
C33

C21 0.21

P5-2 37° 22′10″N;
103°24′36″E

4.4 1.5 0.68 0.95 C15-
C31

C23 C17-
C35

C21 0.31

P5-5 4.2 1.7 0.59 1.09 C15-
C30

C18 C17-
C35

C21 0.20

P5-12 4.6 1.8 0.78 1.86 C15-
C31

C17 C17-
C37

C21 0.22

P5-16 5.0 1.6 0.52 1.42 C15-
C33

C18 C17-
C33

C21 0.16

P5-20 5.8 1.6 0.55 1.90 C15-
C30

C18 C17-
C35

C23 0.13

P6-1 37° 23′41″N;
103°18′36″E

5.7 0.78 1.38 C15-
C33

C16 C17-
C33

C21 0.61

P6-4 42.8 2.6 0.83 1.22 C15-
C33

C16 C17-
C35

C21 0.40

P6-8 4.8 2.4 0.64 0.66 C15-
C31

C23 C17-
C29

C21 0.35

P6-13 6.7 2.3 0.71 1.26 C15-
C32

C16 C17-
C29

C21 0.51

P6-29 5.1 2.5 0.68 1.71 C15-
C32

C16 C17-
C33

C23 0.39

P6-32 27.1 2.5 0.74 1.22 C15-
C34

C16 C17-
C35

C21 0.48

P6-39 4.1 2.4 0.52 0.77 C15-
C33

C22 C17-
C33

C21 0.40

P7-1 37° 24′33″N;
103°11′27″E

27.5 2.3 0.83 1.17 C15-
C32

C16 C17-
C37

C23 0.46

P7-2 2.4 2.4 0.94 0.93 C15-
C34

C16 C17-
C35

C21 0.59

P8-1 37° 25′19″N;
103°02′19″E

8.6 1.6 1.05 1.45 C15-
C32

C16 C17-
C31

C21 0.36

P9-1 37° 26′41″N;
102°56′02″E

6.4 1.6 0.86 1.37 C15-
C32

C16 C17-
C37

C21 0.70

P9-2 12.7 1.7 0.71 0.72 C15-
C33

C23 C17-
C37

C21 0.73

P12-1 37° 27′33″N;
102°49′12″E

3.0 1.7 0.98 1.39 C15-
C32

C16 C17-
C35

C21 0.65

P13-1 37° 28′48″N;
102°41′01″E

2.5 1.6 0.89 1.89 C15-
C33

C16 C17-
C33

C21 0.39

P13-2 17.1 1.6 0.82 1.56 C15-
C31

C16 C17-
C35

C21 0.39

(Continued on following page)
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Experiment and Analysis
The black shale samples were rinsed with distilled water, dried
naturally and ground to 100-mesh. Then the ground samples
were extracted by Soxhlet extraction for 72 h with chloroform
solvents. The extracts were filtered, evaporated to dryness and
were subjected to silica gel column chromatography eluted
with n-hexane, dichloromethane and methanol to yield
saturated hydrocarbons, aromatic hydrocarbons and non-
hydrocarbons, respectively. The saturated hydrocarbons
were directly analyzed by gas chromatography-mass
spectrometry (GC-MS) to obtain their detailed composition
using 5973N mass spectrometer was equipped with 6890N gas
chromatography produced by Agilent Technologies of the
United States. Its chromatographic column was a HP-5
fused quartz capillary column (30 m × 0.25 mm × 0.25 μm),
and the carrier gas was helium. Its starting temperature was
80°C, and the heating rate was 4 C/min. After being heated to
300°C, the temperature was held constant for 30 min. The
temperature of the ion source was 250°C, and the ionization
voltage was 70 eV.

The trace elements of samples were measured by a Nu
Attom Laser Ablation Inductively Coupled Plasma Mass
Spectrometer (LA-ICP-MS) produced by the Nu
Instruments Company of the United Kingdom. The samples
were pretreated using the acid-soluble method. The samples
were first ground to 200 mesh and dried at 105°C for
approximately 3 h to remove the water. Then, 50 g of the
rock samples was placed into a polytetrafluoroethylene-
loaded liner and dissolved by dropping HNO3, HF and
HClO4. Finally, the mixture was added to an Rh internal
standard solution and diluted with deionized water until the
Rh concentration was 10 ng/ml before testing.

RESULTS AND DISCUSSION

Structure Identification of the Long-Chain
Branched/Cyclic Alkanes
Based on the comparison of the GC-MS results of long-chain
branched/cyclic alkanes reported by previous studies (Kenig
et al., 2003; Greenwood et al., 2004; Zhang et al., 2014), we
initially identified nine series of BAQCs that are present in the
Carboniferous black shale samples from the Wuwei Basin of
China, which are concomitant with two series of long-chain
cycloalkanes, two series of monomethylalkanes and one series
of monoethylalkanes (Figure 2). The BAQCs are mainly Series
A, Series B, Series C, Series D, 3,3-diethylalkane, 5-ethyl-5-
methylalkane, 3-ethyl-3-methylalkane, 7,7-diethylalkane and
2,2-dimethylalkane. The cyclic branched alkanes are mainly
long-chain cyclohexane and cyclopentane as well as long-chain
3-methylalkane, 7-methylalkane and 5-ethylalkane. These
series of BAQCs in this study are not completely consistent
with Kenig et al. (2005), who detected nine series of BAQCs in
the Mesozoic black shale of Canada, which indicates the series
diversity of BAQCs.

BAQCs are prone to break at the quaternary carbon atom to
form a characteristic ion peak in the mass spectrum. In
addition, the substituents contained in the quaternary
carbon atoms break easily. The lost fragments of molecular
ions can be used to determine the existing substituents. The
characteristic ions and ion series generated after the breakage
can be used to determine the compound types. For example,
C21-5, 5-diethylalkane has a molecular weight of 296, and it
can form a characteristic peak with an m/z 127 after losing the
maximum 5,5-diethyl quaternary carbon substituent. In
addition, due to the rearrangement of H atom in the

TABLE 1 | (Continued) Geochemical and distribution of n-alkane and Series A with 40 samples.

Sample
number

Coordinates Geochemical characteristics Alkane Series A

TOC
(%)

Ro

(%)
Pr/
ph

A Crange Cmax Crange Cmax ARA

P14-1 37° 28′50″N;
102°35′42″E

23.5 1.6 0.87 1.65 C15-
C30

C16 C17-
C33

C21 0.54

P14-2 3.6 1.6 0.95 1.41 C15-
C34

C16 C17-
C35

C21 0.39

P17-1 37° 29′10″N;
102°30′02″E

9.3 1.5 0.53 3.45 C15-
C32

C18 C17-
C33

C21 0.12

P17-2 5.1 1.6 0.50 2.49 C14-
C31

C18 C17-
C31

C19 0.10

P18-3 37° 29′39″N;
102°26′11″E

5.1 2.2 0.59 5.06 C15-
C32

C18 C17-
C33

C21 0.09

P18-4 4.3 2.2 0.70 1.97 C15-
C31

C18 C17-
C35

C21 0.58

P18-13 5.1 2.4 0.59 0.78 C15-
C32

C23 C17-
C31

C21 0.14

P18-16 11.2 2.4 0.57 1.29 C15-
C32

C18 C17-
C33

C21 0.08

P18-17 1.9 0.63 1.32 C15-
C34

C18 C17-
C35

C21 0.38

TOC: the total organic carbon; Ro: The vitrinite reflectance; Pr/Ph: Pristane/Phytane; Crange: Rang of carbon chain length; Cmax: main peak; ARA: The relative abundance of Series A.
A:∑C21-/∑C22+�(nC14 + nC15+. . .+ nC20 + nC21)/(nC22 + nC23+. . .+n C36 + n C37).
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cationic fragment with a quaternary carbon, it can form an ion
peak with an m/z value of 126 after losing 1H. The relatively
strong [M-29]+ 267) and weak [M-57]+ 239) ion fragments are
equivalent to the breakage of two ethyls and one butyl.
Similarly, the characteristic peaks of 6,6-diethylalkane, 5-
butyl-5-ethylalkane, 6-butyl-6-ethylalkane, 3,3-diethylalkane,
5-ethyl-5-methylalkane, 3-ethyl-3-methylalkane, 7,7-
diethylalkane and 2,2-dimethylalkane are m/z141, m/z155,
m/z169, m/z (99, 98), m/z113, m/z85, m/z155, and m/z57,
respectively, whereas the base peaks of the long-chain
cyclohexane and cyclopentane are m/z83 and m/z69,
respectively.

Previous studies have used the relative response factor
(RRF) to quantify the difference between branched alkanes
and n-alkane with the same carbon numbers after
chromatographic flushing (Kissin et al., 1986). The RRF is
an effective indicator for compound identification, especially
for pseudohomologous families. The RRF values of the long-
chain branched/cyclic alkanes calculated in this study are
given in Table 2 and Figure 3. The RRF values of
Series A-D calculated by Greenwood et al. (2004) are
consistent with the results of this study, which further

demonstrates the reliability of the compound identification
in this study.

The RRF is calculated as follows:

RRF(Xn) � KFXn − n × 100
100

(1)

KFXn � 100(n − 1) + 100(RTXn − RTCn − 1)
RTCn − RTCn − 1

(2)

where n represent the carbon number; RTXn represent the
response time of the branched alkane with n carbons; RTCn
express the response time of the n-alkane with n carbons; and
RTCn-1 express the response time of the n-alkane with n-1
carbons.

The results of this study show that the RRF values of the
long-chain branched alkanes are all negative with values
between -1.76 and -0.17, whereas the RRF values of the
long-chain cycloalkanes are between 0.54 and 1.04. These
results indicate that the peaks of the long-chain branched
alkanes occur earlier than those of the n-alkanes with the
same carbon number, whereas the peaks of the long-chain
cycloalkanes occur later. Further analysis shows that the RRF
values of BAQCs with different structures have the following

FIGURE 2 | (A) Total ion curret (TIC) of the long-chain branched and cyclic hydrocarbon fraction of P18-4 sample; (B) Detail of A; (C) Detail of B with full name
identification.
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TABLE 2 | Relative retention factors (RRF) for long-chain branched/cyclic alkanes measured with a HP-5MS Capillary column.

Carbon
nos

BAQCs Monomethylalkanes Alkylcyclopentane Alkylcyclohexane

A B C D E F G H I J K

(RM RK) (RM RK) (RM RK) (RM RK) RM RM RM RM RM RM RM RM RM

16 -0.507 -0.293 0.529 0.539
17 -0.967 -0.476 -0.734
18 -1.058 -0.938 -0.480 -0.839 -0.292 0.589 0.610
19 -0.959 -1.561 -0.432 -1.119 -0.582
20 -1.058 -1.07 -0.894 -0.443 -0.834 -0.284 0.653 0.691
21 -0.938 -0.95 -1.582 -1.58 -0.384 -1.123 -0.609
22 -1.049 -1.08 -1.75 -0.877 -0.410 -0.829 -0.280 0.708 0.765
23 -0.914 -0.94 -1.597 -1.60 -0.338 -1.184 -0.630
24 -1.035 -1.02 -1.735 -1.74 -0.862 -0.378 -0.823 -0.275 0.766 0.841
25 -0.887 -0.89 -1.597 -1.61 -0.291 -1.120 -0.640
26 -1.006 -1.02 -1.741 -1.73 -0.840 -0.346 -0.816 -0.273 0.818 0.913
27 -0.865 -0.86 -1.591 -1.61 -0.251 0.650
28 -0.995 -0.98 -1.760 -1.76 -0.825 -0.317 -0.815 -0.259 0.882 0.986
29 -0.837 -0.83 -1.582 -1.58 -0.213 -0.652
30 -0.982 -0.97 -1.78 -0.810 -0.289 -0.218 0.932
31 -0.815 -0.80 -1.587 -1.57 -0.170
32 -0.966 -0.94 -1.70 -0.823 -0.316 1.036
33 -0.77 -1.57
34 -0.91 -1.74
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characteristics: ①In branched alkanes of the same series, the
RRF increases with the carbon number of the main chain. For
example, the RRF of C31-5,5-diethylalkane is -0.82, whereas
the RRF of C17-5,5-diethylalkane is -0.97. ②In BAQCs with
the same branch, the RRF is more negative with a higher
location of the branched substituents. For example, the RRF
values of 7,7-diethylalkane, 6,6-diethylalkane, 5,5-
diethylalkane and 3,3-diethylalkane are -1.38 to -1.12, -1.06
to -0.97, -0.97 to -0.82 and -0.48 to -0.17, respectively.③When
the locations of the substituents are the same, the RRF is more
negative with longer branches. For example, the RRF of 6-
butyl-6-ethylalkanes is -1.76 to -1.74, whereas the RRF of 6,6-
diethylalkane is -1.06 to -0.97. In summary, the RRF is more
negative in branched alkanes with lower carbon numbers,
longer branches and higher locations of the substituent.
This may be because these compounds have a smaller
structural volume, so the response time in the
chromatographic column is reduced, and they can be eluted
earlier. The determination of the distribution of the RRF values
of this series of compounds will provide a useful scientific basis
for the identification of these compounds in the future.

Distribution Characteristics of Long-Chain
Branched/Cyclic Alkanes
Characteristics of the Carbon Numbers
The carbon number of the main peak and the length of the carbon
chain are widely recognized as effective indicators of organic

matter’s origin, evolution and paleoenvironment. However,
whether this method can be used to study branched alkanes
still requires investigation. Each series of long-chain alkane
compounds is expressed as an exclusively odd-carbon or even-
carbon distribution pattern (Table 3) with a unimodal peak.
However, the distribution of the carbon numbers of each series of
compounds is different. For example, the carbon number
distribution of Series A is the widest with a range of C17-C35

and some samples range from C17 to C37 compounds, whereas
that of long-chain cyclohexane is the narrowest with a range of
C16-C28. Different distributions of carbon numbers may indicate
that the formation pathways of different series of compoundsare
different.

The main peak carbon numbers of each series of long-chain
branched/cyclic alkanes are mainly distributed between C18 and
C20 (Table 3), and they are concentrated. The main peaks of the
even-carbon compounds are mainly C18, whereas those of the
odd-carbon compounds are mainly C21. Both are dominated by
medium carbon numbers. Bai et al. (2006) investigated modern
soils and found that the main peak carbon number distribution of
Series A may sensitively indicate changes in the soil ecology and
climate. In hot and humid climates, the main peaks of Series A are
generally dominated by C21 or C23, whereas they are dominated
by the high-carbon-number C27 in cold and arid climates. The
main peaks of Series A in the study area are C21, which indicates a
hot and humid paleoclimatic condition during sample deposition
(Kenig et al., 2002; Kenig et al., 2003; Kenig et al., 2005; Zhang
et al., 2007). This is consistent with the warm climate during the

FIGURE 3 | The correlations between Relative retention factors (RRF) of long-chain branched/cyclic alkanes and number of carbon.
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Carboniferous deposition (Yan and Yuan 2011), which further
confirms that this indicator can be used to infer the climate
during the depositional period.

Characteristics of the Relative Abundance
In the case of absolute quantification without the use of
internal standard before extraction, relative abundance is
often used to reflect the content differences between
different compounds. According to the relative abundance
calculation method proposed by Zhang et al. (2007), the
author estimated the relative abundance by the ratios of
n-alkanes. In all the samples analyzed in this study, series A
is of the highest abundance and the position of the peak is
located just behind the even n-alkanes, where one carbon atom
is missing. Meanwhile, the main peak carbon numbers of each
series of long-chain branched/cyclic alkanes are mainly nC18.
Based on above assumption, we use the ratio between the main
peak height of each series and n-octodecane to discuss their
relative abundance. The results show that the contents of
different series of compounds in the same sample vary
significantly. For example, in sample P18-4 (Table 3), the
relative abundance of Series A is 0.57, followed by 3,3-
diethylalkane with a relative abundance of 0.37. The relative
abundance is lowest for Series D (0.04). In addition, the other
concomitant long-chain alkanes have high relative
abundances, which are up to 1.08 for long-chain
cyclopentane and much higher than that of the BAQCs.

The relative abundance of long-chain 3-methylalkane is also
high (0.57), which is comparable with that of the BAQCs.

The relative abundances of the long-chain branched alkanes in
the 40 samples vary significantly. For example, the relative
abundances of Series A in the samples are between 0.06 and
0.73, whereas the further evidence shows that the changes in the
abundance of all series of compounds are consistent. As shown in
Figure 4, the relative abundances of 3,3-diethylalkane, 3-ethyl-3-
methylalkane and 3-methylalkaneall increase with an increase in
Series A, which indicates simultaneous changes. Zhang et al.
(2014) detected eight series of BAQCs, long-chain cyclopentane
and cyclohexane in modern lake sediment profiles and found that
the changes in the abundance of all series of compounds in the
sedimentary profiles were consistent. Our results are consistent
with those of Zhang et al. (2014). These simultaneous changes
indicate that the long-chain branched/cyclic alkanes of all of the
series may have originated from the same matter or depict
homologous characteristics, which suggests that BAQCs may
not exist independently and should be considered as a whole
with long-chain cycloalkanes and other long-chain branched
alkanes in future research.

Correlation Between Long-Chain Branched
Alkanes and n-alkanes
Short-chain n-alkanes (∑C21-) are mainly from bacteria and
algae, whereas long-chain n-alkanes (∑C22+) are mainly from

TABLE 3 | The characteristic for long-chain branched/cyclic alkanes of P18-4 sample.

Compound name Crange Cmax Relative abundance RRF Distribution
patterns

BAQCs alkanes 5,5-diethylalkane C17∼C35 C21 0.57 -0.97∼-
0.82

Odd carbon

6,6-diethylalkane C18∼C34 C20 0.14 -1.06∼-
0.97

even carbon

5-butyl,5-ethylalkane C19∼C35 C21 0.21 -1.60∼-
1.56

Odd carbon

6-butyl,6-ethylalkane C24∼C28 0.04 -1.76∼-
1.74

even carbon

3,3-diethylalkane C17∼C31 C21 0.37 -0.48∼-
0.17

Odd carbon

5-ethyl,5-
methylalkane

C18∼C32 C18 0.12 -0.94∼-
0.81

even carbon

3-ethyl,3-
methylalkane

C16∼C32 C18 0.29 -0.51∼-
0.29

even carbon

7,7-diethylalkane C19∼C25 0.12 -1.38∼-
1.12

Odd carbon

2,2-dimethylalkane C18∼C28 C20 0.17 -0.84∼-
0.82

even carbon

cyclic alkanes Alkylcyclohexane C16∼C28 C18 0.23 0.54–0.98 even carbon
Alkylcycloheptane C16∼C32 C18 1.08 0.53–1.04 even carbon

branched alkanes 3-methylalkane C16∼C30 C18 0.33 -0.29∼-
0.22

even carbon

7-methylalkane C17∼C29 C19 0.22 -0.73∼-
0.65

Odd carbon

5-ethylalkane C17∼C27 C19 0.17 -0.66∼-
0.64

Odd carbon

Relative abundance: the ratio between the main peak height of each series and the peak height of the n-C18 alkane in the chromatogram; RRF: relative retention factors.
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higher plants (Meyers and Ishiwatari 1993). Scholars commonly
use ∑C21-/∑C22+ to identify the sources of organic matter. The
∑C21-/∑C22 + values of the samples in this study are between 0.66
and 5.06 with an average of 1.57, which indicates that the organic
matter in the samples is mainly bacteria and algae. Zhang et al.
(2014) found that the most common Series A of long-chain
branched alkanes and short-chain odd-carbon n-alkanes in
organic matter in modern lake sediment are highly correlated

and suggested that long-chain branched alkanes were mainly
from aquatic heterotrophic bacteria. However, the results of this
study show a poor correlation between Series A and C21-/∑C22+

for forty samples (Figure 5), which indicates that the parental
sources of the long-chain branched alkanes and n-alkanes are
different. In addition, the δ13C values of Series A measured by
Greenwood et al. (2004) are 5–8‰ lighter than those of the
n-alkanes with the corresponding carbon number, which further

FIGURE 4 | Relative abundances variation correlations between series A and other long-chain branched/cyclic alkanes (with 10 samples).

FIGURE 5 | The correlations between the relative abundance of Series A
and C21-/C22+ of n-alkanes (with 40 samples).

FIGURE 6 | The correlations between the relative abundance of Series A
and OEP of short-chain n-alkanes (with 40 samples).
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demonstrates that the long-chain branched alkanes are from
independent sources.

The short-chain n-alkanes in the samples from the study area
show significant even-carbon dominance (low OEP15-19 values
with a range of 0.47–1.16, and the OEP values of 75% of the
samples are less than 1), which indicates the strong
transformation of bacteria to organic matter (Elias et al., 1997;
Zhang et al., 2014). The relative abundance of Series A in the
samples and the OEP values show a significant negative
correlation (Figure 6). The more significant the even-carbon
dominance (the smaller the OEP value) is, the higher the
abundance of Series A. Based on these results, we suggest that
the sources of the long-chain branched alkanes may be related to
bacteria that can transform algae organisms.

The sources of long-chain branched/cyclic alkanes are still
uncertain at present. Since it is difficult to detect the C2n
branched/cyclic alkanes in organisms, some scholars suggest
that such compounds are mainly from plastic contamination
(Grosjean and Logan 2007; Brocks et al., 2008). Regarding the
BAQCs detected in this study, we believe that the possibility of
subsequent contamination can be ruled out. First, contamination
during sample storage and experiments can be ruled out because
they are detected in neither the contrast sample nor laboratory
blank sample. Furthermore, the fact that such compounds is not
from laboratory contamination has been confirmed by many
laboratories. Second, samples are collected from the rural desert
area without human domestic waste. Thus, these samples are
unlikely to suffer from plastic contamination. Finally, land
surface soil contamination can be ruled out. Though Bai et al.
(2006) found BAQCs during soil analysis, the main peaks of the A
series in the soil around the study area (arid-cold climate in
western China) are all high carbon number C29, which are
significantly different from the A series with main peaks of
medium carbon number C21. In addition, samples are rinsed
multiple times before testing. Thus, the probability of soil
contamination is very small. On the other hand, long-chain
branched/cyclic alkanes are also discovered in deep-sea
hydrothermal reservoirs, further proving that it cannot be
plastic contamination (Kenig et al., 2003).

Scholars generally believe that the likelihood of contamination
is small, and they are prone to accept biogenic origin (Kenig et al.,
2005). Based on the environment detected according to the
branched/cyclic alkanes, they likely originate from some
bacteria or algae. Every series of long-chain branched alkanes
detected in this study is expressed only as an odd-carbon or even-
carbon distribution pattern. In addition, the changes in
abundance of several series occur simultaneously and
regularly. This evidence indicates that they may have come
from specific (or unified) biological sources. However, the
specific parental material source of the long-chain branched
alkanes is uncertain. Based on the detected environment,
scholars have speculated that the long-chain branched alkanes
may be from bacteria or algae, such as existing prokaryotes (Kenig
et al., 2002), nonphotosynthetic sulfide-oxidizing bacteria (Kenig
et al., 2003), thermophilic bacteria and thiophilic bacteria in a
closed environment (Greenwood et al., 2004), heterotrophic
bacteria (Flaviano et al., 1994; Zhang et al., 2014),

cyanobacteria (Shiea et al., 1990; Aroui et al., 2000) and green
algae (Derenne et al., 1996).

Additional research shows that the living environments of
these archaeas and bacteria are similar to the detected
environment of the long-chain branched alkanes. For example,
they mostly belong to existing prokaryotes, which are consistent
with the detection of long-chain branched alkanes in the
sediments from the Paleoproterozoic Era to the present (Kenig
et al., 2003). Moreover, they commonly appear in areas with rapid
decomposition of organic matter, such as swamps, wetland soil,
and aquatic sediments, which is consistent with the fact that long-
chain branched alkanes are mostly detected in black shales (Kenig
et al., 2003). These prokaryotes are also present in deep-sea
thermal water vents, andlong-chain branched alkanes have
also been detected in deep-sea thermal fluids (Kenig et al.,
2003). In addition, such microbes mostly occur to
environments with still water and suitable temperatures (20°C-
40°C), and they coexist with sulfide-oxidizing bacteria, which is
consistent with the previous assertion that the long-chain
branched alkanes may come from closed environments with
thermophilic bacteria and thiophilic bacteria characteristics
(Kenig et al., 2003).

However, most of these prokaryotes can only survive in
hypoxic environments in which organic matter is rapidly
decomposed, which is different from the previous assertion
that long-chain branched alkanes indicate a weak oxidizing
environment (Kenig et al., 2003; Bai et al., 2006; Zhang et al.,
2007). The content of the redox-sensitive trace elements
including U, Mo, V and Ni, are enriched in reducing
environments (Francois 1988; Russell and Morford 2001;
Schroder and Grotzinger 2007) in the sedimentary rocks can
be used to reconstruct the redox status of the sedimentary
environment in the study area. The U and Mo contents in the
study area are universally higher than those of standard rocks
(PAAS), which have standard values of two for Mo and 3.1 for U.
The “enrichment factor” (EF) is an effective indicator for
comparing the respective enrichments of Mo and U
(Tribovillard et al., 2006; Algeo and Tribovillard 2009;
Tribovillard et al., 2012).

TABLE 4 | The characteristic value of trace element in Carboniferous black shale of
the Wuwei Basin.

Sample
name

U V Mo Cd UEF MoEF &Ua Ni/
COppm

P1-C5 3.49 206.77 0.29 0.10 0.9 0.1 0.72 4.69
P1-6 4.04 54.89 4.05 0.04 1.0 1.5 0.76 39.07
P1-10 9.22 93.59 1.04 0.06 1.9 0.3 1.09 18.18
P1-20 17.32 192.50 5.16 0.41 8.0 3.7 1.67 42.36
P4-C1 3.61 154.89 0.46 0.06 1.0 0.2 0.75 4.10
P4-3 8.03 165.40 1.99 0.24 1.7 0.6 1.03 15.54
P6-1 20.31 447.66 681.03 0.23 4.0 207 1.43 17.57
P6-4 20.63 230.55 17.32 0.39 9.2 12.0 1.71 19.64
P6-13 7.37 180.97 24.68 0.06 1.4 7.2 0.94 14.29
P6-29 10.54 251.28 0.72 0.08 1.7 0.2 1.03 16.78
P6-39 8.53 315.73 13.44 0.37 1.2 2.9 0.87 3.01
P18-17 6.38 110.08 4.28 0.31 1.7 1.8 1.04 2.99

&Ua � U/[ 0.5×(Th/3 + U)].
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Where

XEF � [(X/Y)sample/(X/Y)PAAS] (3)

X and Y stand for the weight concentrations of elements X and
Y, respectively. Y can be Th or Al; in this study, we used Th. If XEF

is greater than 1, this indicates that the element has undergone
enrichment.

In the study area, the UEF values were between 0.9 and 9.2, the
MoEF values were in the range of 0.1–207, and most samples
reflected enrichment characteristics (Table 4), which suggests a
strong reducing environment during deposition. In addition,
several studies have suggested that Ni/Co. > 4 (Yarincik et al.,
2000) and &U > 1 (Wignall and Twitchett 1996; Kimura and
Watanabe 2001) indicate that the sedimentary rocks formed in a
hypoxic environment. In our samples, the Ni/Co. value is between
4.10 and 42.36, and &U is between 0.72 and 1.67 (Table 4), which
generally indicates a strong reducing environment. At the same
time, long-chain branched/cyclic alkanes have been detected in
deep-sea thermal fluids and at lake bottoms (Kenig et al., 2003;
Zhang, et al., 2014), which further to demonstrate that long-chain
branched/cyclic alkanes exist on hypoxic environments. In
summary, this study suggests that long-chain branched/cyclic
alkanes may come from prokaryotic archaea or bacteria and that
the appearance of long-chain branched/cyclic alkanes may
indicate a hypoxic environment.

CONCLUSION

This study is the first to detect multiple series of BAQCs (series
A-I), cycloalkanes, MMAs, MEAs in the Carboniferous shales of
theWuwei Basin, China. Each series is expressed as an exclusively
odd-carbon or even-carbon distribution pattern, and multiple
types of the same series can appear concurrently with regular
changes in abundance. All of these series are expressed as
exclusively odd or exclusively even carbon numbers with
consistent changes of abundance in the samples. Meanwhile,
based on the analysis of basic geochemical characteristics and

other biomarkers of the samples, we presume that it possessed a
similar parent materials or evolutionary process and weak
oxidation-reduction sedimentation environments. In
addition, the results show that the abundance of the long-
chain branched alkanes is highly correlated with the odd-
even predominances (OEP (15–19)) of the short-chain
n-alkane. The lower the OEP (15–19) values of the short-chain
n-alkane are, the higher the abundance of the long-chain
branched alkanes. The significant even-carbon dominance of
the short-chain n-alkanes indicates the strong input of archaea
or algal organic matter. These archaeas or algal organic matter
are able to survive in specific paleoenvironments with the rapid
decomposition of organic matter. The relatively wide
occurrence and high abundance of these alkanes suggests a
relationship with specific paleoenvironment and paleoclimate
conditions.
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Factors Influencing the Seasonal Flux
of the Varved Sediments of Kusai Lake
on the Northern Tibetan Plateau
During the Last ∼2280 years
Qi Zhang, Xingqi Liu* and Shengnan Feng

College of Resource Environment and Tourism, Capital Normal University, Beijing, China

The varved sediments of Kusai Lake on the northern Tibetan Plateau are rhythmically
laminated with the interaction of dark and light layers formed during winter and summer
within a year. This provides opportunities to explore the seasonal fluxes of varves and,
thus, assess the potential for annual-resolution climate reconstruction. Here, we define a
season index (SI) based on the difference in thickness between the light and dark layers, to
evaluate the factors influencing the seasonal flux of varved Kusai Lake sediments. A
positive SI represents more summer flux, and a negative SI indicates more winter flux. The
results showed that the summer flux was higher than the winter flux in most of the last
2280 years. The summer flux had periodicities of approximately 2.3–2.9, 27, and 99 years
at the 99% confidence level and approximately 15–16, 36 and 285 years at the 95%
confidence level, indicating that summer flux is affected mainly by solar activity (Gleissberg
and 350 unnamed cycle) at centennial scales, by the Pacific Decadal Oscillation (Pacific
Decadal Oscillation with a period of 15–25 years) at decadal scales, and by the Quasi-
biennial Oscillation (Quasi-biennial Oscillation with a period of 2–3 years) at interannual
scales. Noticeable increasing spikes of high winter flux corresponded well to lower solar
activity and stronger Siberian high pressure (SH). The periods of high and low winter flux
are generally related to the negative and positive phases of the North Atlantic Oscillation
and Atlantic Multidecadal Oscillation respectively, during the last 1000 years.

Keywords: Tibetan Plateau, varve, season index, summer flux, winter flux

INTRODUCTION

The Tibetan Plateau (TP) is widely referred to as ‘the roof of the world’. As there are numerous
glaciers and the origins of major Asian rivers on the TP, it was recently acknowledged as the Asian
Water Tower (Yao et al., 2015; Yao et al., 2019). In recent 50 years, the temperature rising rate is more
than twice that of the global average (Chen et al., 2015), implying that the TP is sensitive to climate
warming. In addition, one-third of the TP expands into the troposphere, releasing sensible and latent
heat fluxes that drive intense monsoon circulations and strongly influence global circulation patterns
(Thompson et al., 1997). Therefore, the TP has become a hotspot in climate change research because
of its sensitivity to global warming and its strong effect on global environmental changes (Liu and
Chen, 2000; Hou et al., 2012; Yao et al., 2012; Hou et al., 2016; Wu et al., 2018; Li et al., 2020). Present
atmospheric circulation patterns show that the climate on the TP is influenced by the Asian summer
monsoon in summer and is mainly controlled by the Asian winter monsoon and the westerlies in
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winter (Yao et al., 2013). The TP climate changes are also
modulated by the Asian monsoon and the westerly jet at
different time scales (Figure 1A) (Chen et al., 2008; An et al.,
2012; Chiang et al., 2015; Zhu et al., 2015; Hou et al., 2017). In
recent decades, many paleoclimate records on the TP have been
reconstructed based on tree rings (Kang et al., 2000; Liu et al.,
2009; Zhang et al., 2014; Chen F. et al., 2016), ice cores (Yao et al.,
1996; Thompson et al., 2003; Bao, 2004; Thompson et al., 2006),
and varved lake sediments (Chu et al., 2011; Liu et al., 2014b; Ji
et al., 2021) at the interannual and interdecadal scales, and lake
sediments at centennial to glacial-interglacial scales (Liu et al.,
2006; He et al., 2013b; Liu et al., 2014a; Aichner et al., 2015; Li
et al., 2015; Li X. et al., 2019). However, these paleoclimate
reconstructions are unable to discriminate seasonal climate
signals and their influencing factors, as the resolution of many
archives is insufficient. Varved lake sediments generally comprise
alternating layers deposited during summer and winter for 1 year,
which allows us to discuss climate changes as seasonal-scale
processes. Based on varved sediments from Kusai Lake located in
the northern TP, the temperature and dust variations over the past
∼1600 years were reconstructed (Liu et al., 2014b). However, what
factors influence the seasonal flux of the varved sediments of Kusai
Lake remains unknown. Here, we extended the records of summer
and winter flux back to 2280 years ago based on the thicknesses of
light (LT) and dark (DT) layers of varved sediments from Kusai
Lake. Then, spectral and wavelet analysis and regional comparisons
were used to identify regular periodicities and to evaluate possible
connections of summer and winter fluxes to known modes of
natural variability at different timescales.

MATERIALS AND METHODS

Regional Setting
Kusai Lake is located at 35°33′–35°50′N, 92°37′–93°03′E in the
northeastern Hoh Xil region of the TP (Figure 1), 4475 m above
sea level [a. s. l]. It is an elongated lake with a surface area of
254.4 km2 and a drainage basin of 3700 km2 (Hu, 1994; Li et al.,
1996; Wang and Dou, 1998). The water depth is between 10 and
50 m and is deeper in the northwest and shallower in the
southeastern part of the lake (Li et al., 1996; Wang and Dou,
1998). The lake is fed mainly by the Kusai River, which originates
to the west of the lake on the DaxueMountain (5863m a. s. l), with
a recharge coefficient of 13.1 (Wang and Dou, 1998; Chen, 2017).

The climate of the northern TP is characterized by a semiarid
climate. Modern meteorological records indicate a mean annual
temperature of the lake area of approximately −5.4°C, amean annual
precipitation of approximately 275 mm, and a potential annual
evaporation of approximately 1300mm (Li et al., 1996; Wang
and Dou, 1998). Regional precipitation is mainly concentrated in
summer (Cui et al., 2021). However, the climate in winter is always
cold and dry with a high frequency of dust storms (Zhao and Zhou,
2002; Chen, 2017). The modern vegetation around Kusai Lake is
alpine steppe dominated by drought-resistant Artemisia and
Poaceae, and alpine meadow dominated by hygrophilous
Cyperaceae (Wang et al., 2012; Cui et al., 2021).

Core Sampling and Methods Overview
Two sediment cores with lengths of 3.64 m (KSS-2010) and 5.2 m
(KSS-2015) were obtained from the southeastern part of Kusai Lake

FIGURE 1 | Location of Kusai Lake on the TP, which is influenced by the Indian monsoon, westerlies, and East Asian monsoon (A), the boundary of modern
summermonsoon (thick dashed line) is modified fromChen et al. (2010). The coring site of Lake Kusai (B). Water depth wasmeasured in 2002. Macroscopic photograph
of varves from Kusai Lake (C) (Chen, 2017).
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at a water depth of 14.5 m in September 2010 and 2015 (Figure 1B),
respectively. All sediment cores were stored in PVC tubes,
transported to the laboratory, and then stored in a refrigerator at
a constant temperature of 4°C. The collected cores were split along
the central axis with a core-cutting machine. The surface
morphology of half of the core was described in detail and
photographed. The other half of the core was divided and then
vacuum freeze-dried, embedded in epoxy resin and cured into
polished thin sections. Optical microscopic analyses were
performed to study sedimentary microfacies, to count varves and
to measure the varve thickness. The varve records were extended
back to 2280 years from a composite core (KSS-1) (Zhang et al.,
2021) obtained from KSS-2010 and KSS-2015 by matching visual
stratigraphy and varve microfacies (Liu et al., 2014b; Chen, 2017).
The chronology was discussed and established by Liu et al. (2014b)
and Zhang et al. (2021). Previous studies have shown that varved
Kusai Lake sediments are rhythmically laminated with the
interaction of light and dark layers (Figure 1C) (Liu et al., 2014b;
Chen Y. et al., 2016; Chen and Liu, 2016; Chen, 2017). The dark
layers consisting of coarse sand and silt are deposited on lake ice by
aeolian processes during winter when the temperature is low and the
wind is strong, while the light layers containing thin materials,
biological debris, and authigenic carbonate are deposited during
summer. To determine whether there are more sediments deposited

in winter or summer and to evaluate the influencing factors of
seasonal flux to varved Kusai Lake sediments, we define a season
index (SI) as SI � LT −DT. LT and DT are the thicknesses of the
light and dark layer respectively. A positive SI represents more
summer flux, and a negative SI indicates more winter flux.

The time series were analyzed to reveal periodic cycles in the SI of
summer flux using the Fourier transform method with the spectral
analysis program REDFIT 3.8 (Schulza and Mudelseeb, 2002).
Significant peaks in the spectra were detected using confidence
levels of 90, 95 and 99% relative to the estimated red-noise
background. In addition, a MATLAB software package that
produces a continuous wavelet (Torrence and Compo, 1998) was
used to verify the periodicity of the spectral analysis. A cone of
influence is included where edge effects cannot be ignored because
the wavelet is not completely localized in time. The irregular black
curves delineate a 95% confidence level against the red noise signal.

RESULTS

Variations in Summer and Winter Flux for
the Last 2280 years
In general, the summer flux was higher than the winter flux, as SI
values have been positive in most of the years for the last

FIGURE 2 | Season Index (SI) of varved sediments in Kusai Lake during the last 2280 years. Positive SI represents more summer flux (A), and negative SI
represents more winter flux (B). The red thick solid line is the 51-years moving average for the SI of summer flux.
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2280 years (Figure 2), indicating that the varved sediments are
mainly deposited in summer. Summer flux was relatively low in
three periods from 270 BC to 0 AD, from 350 to 600 AD, and
from 1250 to 1800 AD (Figure 2A). Three periods of high
summer flux occurred from 0 to 350 AD, from 600 to 1250
AD, and from 1800 AD to present. The periods when the winter
flux is higher than the summer flux are discontinuous
(Figure 2B). However, noticeably increasing spikes in the
winter flux can be observed from 100 BC to 340 AD, at 229

AD, 625 AD, 1180 AD, and 1462 AD, and at approximately 1530
AD and 1748 AD (Figure 2B).

Periodicity of Summer Flux in Varved
Sediments of Kusai Lake
Spectral analysis of the summer flux revealed several statistically
significant power spectrum peaks. The outstanding peaks in the
power spectrum occurred for approximately 2.3–2.9, 27, and 99 years

FIGURE 3 | Spectral (A) and wavelet (B) analyses of summer flux of the varved sediments of Kusai Lake during the last 2280 years. Morlet wavelet used with ω0 � 6.
The black contour is the 95% significance level using a red noise background spectrum. The Cone of Influence (COI) is the area with lighter shading. The horizontal band
corresponding to periodicity higher than 500 years is not meaningful (C) Comparison between the 51-years moving average SI of the summer flux from Kusai Lake with
the PDO reconstruction during the last 1000 years (MacDonald and Case, 2005).
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at the 99% confidence level and approximately 15–16, 36, and
285 years at the 95% confidence level (Figure 3A). These
periodicities were also confirmed by wavelet results (Figure 3B).
The periodicity of 99 years was almost continuous during the last
2380 years, and the periodicity of 285 years was continuous from 280
BC to 1200 AD. In contrast, the periodicities of 2.3–2.9 years and
15–36 years were discontinuous. The more significant periodicity of
15–36 years corresponded well to a higher summer flux
(Figures 3B,C).

DISCUSSION

Influencing Factors of the Summer Flux
Two periods with high summer flux from 0 to 350 AD, from 600
to 1250 AD (Figure 4A) were well correlated with the Roman

warm period, the Sui and Tang dynasty warm period in China
and the Medieval Warm Period in Europe, respectively. It seems
that summer flux is not very high during the Current Warm
Period. Two periods with low summer flux from 350 to 600 AD
and from 1250 to 1800 AD (Figure 4A) generally corresponded
to the Dark Age Cold Period and the Little Ice Age respectively.
Our reconstructed summer flux during the last 2280 years was
generally in agreement with temperature variations from the TP
(Figure 4B) (Hou et al., 2012), China (Figures 4C,D) (Yang et al.,
2002; Ge et al., 2013), and the Northern Hemisphere (Figure 4E)
(Ljungqvist, 2010), indicating that the summer flux of varved
sediments from Kusai Lake is mainly related to temperature.
Previous studies on varved sediments formed in glacial-fed lakes
have demonstrated that varve thicknesses are physically linked to
temperatures, as warm summers can often result in significant

FIGURE 4 | 51-years moving average SI of the summer flux from Kusai Lake (A) and its comparisons with integrated temperature series on the Tibetan Plateau (B)
(Hou et al., 2012), temperature reconstructions for China (C) (Yang et al., 2002) and (D) (Ge et al., 2013), and the Northern Hemisphere (E) (Ljungqvist, 2010). RWP,
DACP, MWP, LIA, and CWP refer to the Roman Warm Period, Dark Age Cold Period, Medieval Warm Period, Little Ice Age, and Current Warm Period, respectively.
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melting of glaciers and snowmelt and thus lead to high runoff and
sediment flux to lakes (Moorel et al., 2001; Loso et al., 2006).

Summer flux has centennial-scale periodicities of 285 and 99 years
(Figure 3A). The significant periodicities of 99 years strongly cohere

with the classic Gleissberg cycle of solar activity (Gleissberg, 1958;
Gleissberg, 1965; Ogurtsov et al., 2015). There is also a strong
periodicity of approximately 285 years that corresponds to 350
unnamed cycle of the reconstructed solar activity time series

FIGURE 5 | SI of winter flux in Kusai Lake (A) and its comparisons with the dTSI record reconstructed from the cosmogenic radionuclide 10Be data (B) (Steinhilber
et al., 2009), Fe/Mn ratio record from Lake Kalliojärvi as a proxy for SH (C) (Saarni et al., 2015), the winter NAO reconstructed by a speleothem-based precipitation proxy
from Scotland and a tree-ring based drought proxy from Morocco (D) (Trouet et al., 2009), Multidecadal Variability of Atlantic sea surface temperature (AMVSST, that is,
the AMO) anomaly reconstructed based on a network of annual-resolution terrestrial proxy records from the circum-North Atlantic region (E) (Wang J. et al., 2017).
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(Steinhilber et al., 2012) and other records (Wang et al., 2005; Soon
et al., 2014; Chang et al., 2017; Xie, 2020). The Gleissberg cycle of
99 years has also been observed in integrated temperature records
from theTP during the last 2000 years (Hou et al., 2012) and in a 449-
years temperature reconstruction based on tree-ring from Bangda
and Zuogong on the southeastern TP (Duan and Zhang, 2014). The
Uk

37 temperature records from Lake Sugan and Lake Gahai on the
northern TP also show a possible link between solar irradiance and
temperature variability during the last 2500 years (He et al., 2013a).
Therefore, the summer flux of varved sediments from Kusai Lake is
related to temperature influenced by solar activity at the
centennial scale.

Most studies on tree rings (Shi et al., 2010; Wang et al., 2014), ice
cores (Davis, 2005), and coral (Davis, 2005; Watanabe et al., 2014)
have shown that the East Asian Summer Monsoon is intensified
when the PDO is in its negative phase and vice versa. Our summer
flux has a good negative relation with PDO reconstructed by
MacDonald and Case (2005) during the last 1000 years at multi-
decadal scale (Figure 3C), especially from 1000 AD to 1600 AD.
Thus, the enhanced East Asian SummerMonsoon caused by negative
PDOphase can bringmore precipitation to the TP and result inmore
summer flux to Kusai Lake. At the decadal time scale, summer flux
has periodicities of 15–16, 27 and 36 years that may be related to the
Pacific Decadal Oscillation (PDO) (Cayan and Peterson, 1989;
Ebbesmeyer et al., 1989; Mantua et al., 1997; Gershunov et al.,
1999; Biondi et al., 2001). The periodicities of 15–36 years in
summer flux are discontinuous but more significant in the period
of higher summer flux corresponding well to a warmer period
(Figures 3 and 4), indicating that PDO has more effect on
summer flux to Kusai Lake in the warm period than in the cool
period. The relationship between the winter PDO index and summer
coral δ18O record from Shimo-Koshiki Island of Japan also suggested
that recent and future global warming may lead to a more frequent
and/or stronger teleconnection between the East Asian Summer
Monsoon and PDO (Watanabe et al., 2014).

At the interannual scale, summer flux has periodicities of
2.3–2.9 years significant at the 99% confidence level. This may
be caused by the Quasi-biennial Oscillation (QBO) (Reed et al.,
1961; Gordon et al., 1982; Naujokat, 1986). The QBO was
originally observed between westerly and easterly equatorial
stratospheric winds by Reed et al. (1961). Previous studies have
found the QBO period in the equatorial sea surface
temperature record (Barnett, 1989; Chen et al., 1991b), and
the interannual oscillation of SST has an obvious propagation
phenomenon (Yasunari, 1985; Chen et al., 1989). Although the
QBO was first noted as a tropical, lower stratospheric zonal
wind variation, with a period of ∼26 months, it has since been
found to occur at high latitudes and in geophysical parameters
other than winds aloft (Plumb, 1984). Studies on the
correlation between the annual oscillation of the sea-air
system and the annual oscillation of China’s climate showed
that there is a lag correlation between the SST QBO and
China’s air temperature QBO (Chen et al., 1990). The QBO
can also be found in other regions of China (Huang and Tang,
1987; Chen et al., 1991a; Yang et al., 2019) Therefore, we
consider that there is a possible link between the QBO and
summer flux of varved sediments in Kusai Lake.

Influencing Factors of Winter Flux
Noticeable increasing spikes in the winter flux occurred from 100
BC to 340 AD, at 229 AD, 625 AD, 1180 AD, 1462 AD, and
approximately 1530 AD, corresponding to low values of total
solar irradiance (TSI) and strong Siberian high pressure (SH)
(Figure 5A–C). The winter surface air temperature over Asia and
the surrounding oceans may be directly or indirectly related to
solar activities due to the huge mass of the Eurasian continent
(Miyazaki and Yasunari, 2008). A stronger SH system tends to be
closely associated with lower solar activity (Figures 5B,C) and
lower winter temperatures (Liang et al., 2014). The Siberian high-
pressure system significantly influences the near-surface wind
strength in northeastern central Asia (Wang X. et al., 2017; Wang
et al., 2018; Li Y. et al., 2019; Gao et al., 2020). Strong near-surface
wind may bring dust from the surrounding arid Asian regions
and partly from the plateau itself to Kusai Lake, resulting in a high
winter flux (Figures 5A,C).

The periods of high winter flux occurred from 100 BC to 340 AD,
from 1400 AD to 1600 AD, and approximately 1748 AD, generally
corresponding to negative phases of the North Atlantic Oscillation
(NAO) (Trouet et al., 2009) and Atlantic Multidecadal Oscillation
(AMO) (Wang et al., 2014) (Figures 5A,D,E). Modern
meteorological data and long-term simulations all indicated that
the NAO may be related to dust emissions and the pattern and
intensity of dust transport in many places around the world (Moulin
et al., 1997; Ginoux et al., 2004). In China, there is an obvious inverse
relationship between the winter NAO index and the frequency of
strong dust storms in spring (Song et al., 2004). Based on the data for
the period of 1958–1995, Gong andWang (2003) found that there is a
significant correlation (r � -0.51) between the NAO and SH. In a
negative phase of the NAO (Figure 5D), the Artic circulation is weak,
resulting in a high SH (Gong et al., 2001; Gong and Wang, 2003).
With a high SH, the intensity of dust transport increases in winter,
leading to high winter flux to Kusai Lake and vice versa (Figures
5A,C,D). A negative phase of the AMO will result in a colder mid-
upper tropospheric atmosphere over Eurasia, causing a strengthened
land sea thermal contrast in winter and a strengthened East Asian
winter monsoon (Li et al., 2009; Zhou et al., 2015) and thus high
winter flux to Kusai Lake and vice versa. Therefore, the periods of
high and low winter flux to Kusai Lake are generally related to the
negative and positive phases of the NAO and AMO, respectively,
during the last 1000 years.

CONCLUSION

In this study, we defined a season index to evaluate the factors
influencing seasonal fluxes during the past 2280 years.

The positive SI represents more summer flux and shows good
agreement with temperature variations during the last 2280 years.
The spectral analysis results show that summer flux has
periodicities of approximately 2.3–2.9, 27, and 99 years at the
99% confidence level and approximately 15–16, 36, and 285 years
at the 95% confidence level. These significant periodicities
indicate that summer flux is affected mainly by solar activity
at centennial scales, by the PDO at decadal scales, and by the QBO
at interannual scales. Winter flux has been discontinuous over the
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last 2280 years. Noticeable increasing spikes in winter flux, which
occurred from 100 BC to 340 AD, at 229 AD, 625 AD, 1180 AD,
and 1462 AD, and approximately 1530 AD, correspond well to
low TSI and strong SH. In addition, the periods of high winter
flux from 1400 AD to 1600 AD and approximately 1748 AD
generally correspond to the negative phases of the NAO and
AMO periods. We suggest that the winter flux of Kusai Lake is
associated with solar activity, SH, NAO and AMO.
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Short-Term Climatic Effect of Gyaring
and Ngoring Lakes in the Yellow River
Source Area, China
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Sciences, Nanjing University, Nanjing, China, 4National Center for Atmosphere Research, Boulder, CO, United States, 5Institute of
Mountain Hazards and Environment, CAS, Chengdu, China

Based on the field observation and WRF-CLM model, the effects of Gyaring and Ngoring
lakes on the short-term climate over the Yellow River source area duringMay to September
have been studied through two experiments with and without the lakes. A backward water
vapor transfer model was also employed to investigate the contribution of water vapor
evapotranspiration from the Gyaring and Ngoring lakes and various surface types to the
local precipitation. The results show that without the Gyaring and Ngoring lakes, the
sensible heat is increased by 120%, whereas the latent heat is decreased by 58.5%, and
the height of atmospheric boundary layer increases from 500 to 1,500–2,000m during
daytime over the lake area. The sum of sensible and latent heat fluxes in the lake area
simulated by the experiment with and without the lakes is 185.8 and 130.3Wm−2,
respectively. The precipitation amount over the lake area is significantly increased
without considering the lake effect, generally by more than 20–40mm. About 63.8% of
the total precipitation in Gyaring and Ngoring lakes is contributed by the external water
vapor sources. The evapotranspiration from the grassland is the secondary water vapor
source for the precipitation in the Yellow River source area, and 25.2% of the total
precipitation is contributed by this source. Around 4.2% of the total precipitation in the lake
area is contributed by the evaporation from the Gyaring and Ngoring lakes.

Keywords: WRF model, numerical simulation, backward water vapor transfer model, vapor sources, lake climate
effect

INTRODUCTION

The meteorological research on the Tibetan Plateau began as a result of studies on the dynamic
effects of the large-scale topography of this region, initially studying how the large-scale topography
of the Tibetan Plateau dynamically deflects the atmospheric air flows and causes them to rise to
discovering its significant thermal effects (Manabe and Broccoli, 1990; Yanai et al., 1992; Kutzbach
et al., 1993; Zhou et al., 2014). Against the background of research on the dynamic and thermal
effects of the large-scale topography, medium- and small-scale circulations, energy, and water cycles
over the complex surfaces of the Tibetan Plateau, the characteristics of circulations and the
atmospheric boundary layer (ABL) associated with the complex topography are becoming
important directions for future research. The basin of Gyaring and Ngoring lakes is a
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representative area with complex topography. As a component of
the terrestrial hydrosphere, lakes are involved in local water and
energy cycles, and large lakes can often intensify the intense local
weather events (Rouse et al., 2008; Dutra et al., 2010). The
important role of lakes in local weather and climate systems is
attributed to their distinct hydrothermal properties from those of
the surrounding land surfaces, i.e., relatively low albedo, high
specific heat capacity, and small surface roughness. These
differences directly result in the marked differences of surface
thermal conditions and the regional water/energy cycles between
lake–atmosphere and land–atmosphere interfaces, which would
subsequently alter the temperature and moisture structure of the
ABL (Schwartz and Karl, 1990), formation of convection and
cumulus clouds (Miles and Verlinde, 2005), mesoscale
circulations (Segal and Arritt, 1992), and thus the distribution
of precipitation (Laird et al., 2009). Therefore, it is of great
importance to broaden our knowledge about the
lake–atmosphere interactions and their roles in the weather
and climate at local to regional scales.

The Tibetan Plateau harbors more than 1,000 lakes with an area
exceeding 1 km2, and the total lake area exceeds 50,000 km2,
accounting for more than 50% of the total lake area in China
(Ma et al., 2011). Despite the harsh climatic environment on the
Tibetan Plateau, many efforts have been devoted to investigate the
land–atmosphere and lake–atmosphere interactions by either
limited field observations or regional lake–air coupled models.
Based on the valuable 1-year in-situ weather records, You et al.
(2007) showed the low-level atmospheric circulations over Lake
Nam Co featured by notable land–lake breezes in summer. Based
on the turbulent observations, Li et al. (2012) demonstrated that
there exist remarkable differences in turbulent fluxes between the
lake–air and land–air interfaces around Nam Co Basin, leading to
the spatial heterogeneity in surface fluxes and atmospheric
boundary stability. Lu et al. (2007) have carried out a set of
numerical simulations with and without Qinghai Lake and
pointed out that Qinghai Lake serves as a cold dry “island” and
results in the notable outflow of low-level air over the lake to the
surrounding area in daytime during summer, whereas at nighttime,
Qinghai Lake is a warmwet “island,” and land winds blow from the
northeast to the lake area. Based on the simulation of the Fifth-
generation Penn State/NCAR Mesoscale model (MM5), Lu et al.
(2008) revealed the cold lake effect of LakeNamCo during summer
that delays the timing of turbulent mixing and convective activities
in the ABL. Li et al. (2009) used the Weather Research and
Forecasting (WRF) model to simulate the snow distribution
over the Nam Co Basin and showed that the lake surface water
temperature plays an important role in the formation of
precipitation over the downwind regions of Lake Nam Co.

Gyaring and Ngoring are the two largest lakes in the Yellow
River source region. Recently, Gyaring and Ngoring lakes receive
more attention in exploring their impacts on regional energy/water
cycles and the impacts on the regional weather and climate.
Nowadays, the continuous observations for the surface energy
budgets, i.e., radiation and turbulent flux, and the local weather
conditions over Ngoring Lake have been well established (Li et al.,
2015). The data provide essential references to calibrate the
momentum/heat/moisture roughness length, surface water/ice

albedo, and drag coefficients for high-altitude lakes and are
indeed valuable for improving our understanding of the
lake–atmosphere interactions over the Tibetan Plateau (Wen
et al., 2015, 2016; Li et al., 2018). Li et al. (2016) adopted 2-year
ice-free eddy covariance measurements over Ngoring Lake to
investigate the surface roughness lengths and the associated
influences on the turbulent heat fluxes, and their results
demonstrated that Ngoring Lake is characterized by a persistent
unstable atmospheric layer due to the lake–air temperature
contrast. In addition, as extreme weather events occur frequently
in the Tibetan Plateau, these high-altitude lakes feature intensive
lake–air interactions and exert more significant feedback on the
local meteorological elements. For example, based on multi-source
field, reanalysis, and remote-sensed data, Li et al. (2018) pointed out
that a cold, dry air incursion tends to decrease the over-lake
potential temperature gradient and facilitate buoyancy flux,
which further leads to an active convective boundary layer with
the sharp increase in its thickness and heating of convection therein.
However, most of previous numerical simulation studies on
Gyaring and Ngoring lakes focused on the analysis of individual
cases, only examined a relatively short period through numerical
simulation, and did not thoroughly investigate the short-term
climatic effect of the lakes. The contribution of water vapor
evaporation from land surfaces, particularly lakes, to water vapor
in the atmosphere over the Tibetan Plateau is not negligible. In
addition, few studies have sufficiently investigated the contribution
of water vapor evaporation from Gyaring and Ngoring lakes and
water recycling in the surrounding soil and vegetated surfaces to
precipitation in the lake area.

In this study, we employed the WRF model to perform
numerical simulations to address the short-term climatic effect
of Gyaring and Ngoring lakes on the surrounding area and a
backward water vapor transfer model to investigate the
contribution of water vapor evapotranspiration from various
surface types to precipitation.

STUDY AREA AND METHODOLOGY

Study Area
Ngoring Lake (surface area of 610 km2) and Gyaring Lake
(surface area of 526 km2) are located in the source region of

TABLE 1 |Model configurations for the two nested domain and parameterization
schemes used in the WRF model.

First domain Second domain

Location of the left (35.49°, 98.24°) (34.93°, 97.50°)
Horizontal dimension 80 × 68 85 × 64
Horizontal grid spacing 9 km 3 km
Time step 54 s 18 s
Microphysics Single-Moment 3-class Single-Moment 3-class
Longwave radiation RRTM RRTM
Shortwave radiation RRTMG RRTMG
Cumulus convection Grell-Devenyi –

Land surface model CLM CLM
Planetary boundary layer YSU YSU
Reanalysis data NCEP-2 NCEP-2
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the Yellow River (Li et al., 2017). The average altitude of the lake
surfaces is 4,274 m above sea level (as shown in Figure 1).
Ngoring Lake and Gyaring Lake are large freshwater lakes in
the Tibetan Plateau. Around the lakes, the vegetation type is
alpine meadow with a height of 5–10 cm. The vegetation coverage
ranges from 0.55 to 0.75 (Li and Li, 2015), and the leaf area index
is approximately 1.2–1.4 m2 m−2 in summer (Li et al., 2021). The
albedo of the lakes and alpine meadow averaged over 12:00–14:00
local solar time (LST) in summer is 0.04 and 0.2, respectively. The
grassland eddy flux tower site (97°33′16″E, 34°54′51″N), standing
on a flat underlying surface, is located 1.5 km west to
Ngoring Lake.

WRF Model and Numerical Experiment
Design
Numerical models play an important role in weather simulation
and forecasting (Wang and Yu, 2013; Wu et al., 2014; Zhou et al.,
2014). The WRF model was used to simulate the meteorological
conditions from 00:00 LST on May 4, 2013 to 24:00 LST on
September 30, 2013 in the basin of Gyaring and Ngoring lakes.
Table 1 summarizes the experimental parameters of the WRF
model. A double one-way grid nesting technique was used. The
results were output every hour for both the first and second

domains of the WRF model. The model contained 30 layers of
atmosphere in the vertical direction. The pressure at the top layer of
atmosphere was set to 50 hPa. In addition to a control experiment,
a sensitive experiment on the same area with the Gyaring and
Ngoring lakes replaced by grassland surface was conducted to
analyze the effects of the lakes on the air temperature, local wind
field, near-surface energy budget, and precipitation in the lake area.

Backward Water Vapor Tracing Method
In this study, we used a backward water vapor tracing method
based on the Lagrangian trajectory method (Brubaker et al., 2001;
Dirmeyer and Brubaker, 2007; Harding and Snyder, 2012). The
hourly output data from the WRF model were analyzed. The
specific analysis method is described as follows: first, the period
fromMay 4, 2013 to September 30, 2013 was divided into 30 5-day
window intervals. For each window, 1,000 air parcels were
randomly released at the grid point where precipitation
occurred (total precipitation for each of the 5 days) to
comprehensively consider the uncertainties of backward tracing
at various longitudes, latitudes, and heights. The probabilities of the
spatial heights of the released 1,000 air parcels were determined for
a specified longitude and latitude within this grid point by the
vertical specific humidity profile (e.g., if 70% of the humidity is at
the bottom layer of the model, then there is a 70% probability that

TABLE 2 | Bias, root mean square error, and R2 between the WRF simulation and the site observation in June, July, and August 2013. The latent and sensible heat flux
observations in July and August are missing, only June values are shown.

Bias Root mean square error R2

Jun Jul Aug Jun Jul Aug Jun Jul Aug

Air temperature (°C) −0.15 0.15 −0.25 1.18 1.07 1.05 0.99 0.98 0.97
Latent heat flux (W m−2) 1.29 – – 29.58 – – 0.89 – –

Sensible heat flux (W m−2) 39.99 – – 57.43 – – 0.98 – –

Wind speed (m s−1) 0.44 0.90 0.43 0.73 1.09 0.83 0.36 0.05 0.08
Wind direction (°) 3.22 47.20 48.80 35.93 65.59 62.29 0.09 0.01 0.06
Precipitation (mm h−1) 0.07 0.05 0.06 0.10 0.10 0.14 0.04 0.08 0.01

FIGURE 1 | Terrain height of Gyaring and Ngoring lakes and the location of field observation site.
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FIGURE 2 | Comparison of the June 2013 averaged diurnal cycle between the WRF simulation and the site observation. The shaded areas are the standard error
during the month.

FIGURE 3 | The comparison of monthly mean latent heat flux (A) and sensible heat flux (B) simulated by the experiments with and without lakes. The histogram
shows the average sensible heat/latent heat flux in the lake area, and the solid line shows the average sensible heat and latent heat changes over the entire study area.
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an air parcel is released to the bottom layer), ensuring relatively
more air parcels in high humidity layers. Then, for each released air
parcel, its horizontal and vertical positions at 1 h before the current
moment were calculated. The horizontal position was determined
by the wind vector at the position of the air parcel at the current
moment. The vertical position was determined by the previous
moment when the potential temperature in the layer was the same
as that at the initial position where the air parcel was released,
i.e., each air parcel moved vertically along the constant potential
temperature line. The contribution of evapotranspiration from
each position where an air parcel passed to the corresponding
grid point was calculated. The percentage of contribution was
calculated by dividing the evapotranspiration at a position where
an air parcel passed by the total precipitation in the vertical layer
where the position was located. Each time there was a contribution
from a position passed by an air parcel to the total precipitation at
the current grid point in the current window, this contribution was
deducted from the total precipitation. When the sum of local
contributions equals the total precipitation at the current grid point
in the current window, backward tracing is completed, and all the
local sources for precipitation are considered to have been traced.
Water vapor tracing was terminated when an air parcel reached the
boundary of the modeled area or the tracing duration exceeded
7 days. Finally, the precipitation contributed by the

evapotranspiration from each surface type was calculated, and
this precipitation was referred to as surface-induced precipitation.

RESULTS AND DISCUSSION

Validation of the Control Experiment Result
This section focuses mainly on the short-term climatic
characteristics of the study area. Thus, the average simulated and
observed values obtained at the grass site were compared. As shown
in Figure 2, the model well captured the overall characteristics of the
diurnal cycles of sensible and latent heat fluxes and 2m air
temperature with the R2 ranging from 0.89 to 0.99. However, the
model overestimated the daytime sensible heat flux by 40Wm−2. In
addition, the 2 m air temperatures between 00:00 LST and 09:00 LST
during the simulation period were underestimated by the model.

The WRF model did not well capture the diurnal cycles of
wind speed and precipitation and overestimated the wind speed
and precipitation (Table 2) during June, July, and August with a
mean overestimation of 0.58 m s−1 and 0.05 mm h−1, and such
overestimation mainly occurred in nighttime (Figure 2). The
observed wind direction showed clear lake–land breeze wind
shift, while theWRF simulated wind shift was not as strong as the
observation.

FIGURE 4 | The average height of atmospheric boundary layer produced by the experiments with (control) and without lakes (no lake) at 14:00 LST during May to
September 2013.

FIGURE 5 | The surface wind field (unit: m s−1) simulated by the control experiment with lakes and the no lake experiment at 14:00 LST averaged during May to
September 2013.
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Short-Term Local Climate Result Analysis
There is a substantial change of the latent heat flux in the original lake
area after removal of the lakes (Figure 3A). The results from the
experiment with the lakes show the latent heat peaks in September
(196.0Wm−2). After removal of the lakes, the latent heat in September
decreases to 41.0Wm−2, which is the lowest among all months; in
addition, the latent heat decreases substantially in other months. The

average latent heat of the lakes betweenMay and September simulated
by the experiment with the lakes is 155.7Wm−2. Without the lakes,
the average latent heat decreases by 58.5% in 64.7Wm−2. From a
perspective of the entire study area, there is no substantial difference in
the simulated latent heat between the experiments with and without
the lakes due to the limited lake area compared to the entire study

FIGURE 6 | The cumulative precipitation simulated by the control experiment with lakes (left), and the difference in the simulated cumulative precipitation between
the no lake experiment and control experiment (right) during May to September 2013.

FIGURE 7 | The average surface air temperature (unit: °C) and wind field (unit: m s−1) produced by the control experiment with lakes and the differences between no
lake experiment and the control experiment during May to September 2013.

FIGURE 8 | Percentage of each surface type to the total surface over the
Yellow River source area in the second nested model domain.

FIGURE 9 | Percentage contribution of external water vapor sources
and evapotranspiration from different underlying surfaces to precipitation in
the Yellow River source area during May to September 2013.
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region. However, the latent heat in the entire study area simulated by
the experiment with the lakes is 65.1Wm−2, slightly higher than
61.2Wm−2 in the experiment without the lakes.

There is a change in the sensible heat flux over the lake area
after removal of the lakes (Figure 3B). The results from the
experiment with the lakes show that the sensible heat is the lowest
(15.4 Wm−2) in June among all months. After removal of the
lakes, the sensible heat in June increases to 76.7 Wm−2. In
addition, the sensible heat increases substantially in other
months. The average sensible heat in the lake area between
May and September simulated by the experiment with the
lakes is 30.1 Wm−2. Without the lakes, the average sensible
heat over the lake area between May and September increases
by 118% in 65.7 Wm−2. From a perspective of the entire study
area, there is no substantial difference in the sensible heat
simulated by the experiments with and without the lakes due
to the limited lake area compared to the entire study region.
However, the sensible heat in the entire study area simulated by
the experiment with the lakes is 67.5 Wm−2, slightly lower than
that simulated by the experiment without the lakes (68.9 Wm−2).

Overall, the lakes tend to decrease the sensible heat flux and
increase the latent flux in the lake area. During the simulation
period (May to September 2013), the average sum of the sensible
and latent heat fluxes in the lake area simulated by the experiment
with (without) the lake is 185.8 (130.4)Wm−2, indicating that the
presence of lakes leads to a considerable increase in the total
amounts of heat and water vapor exchange at the land–air
interface. From a perspective of the entire study area, the sum
of the sensible and latent heat fluxes simulated by the experiments
with (without) the lakes is 132.6 (130.1) Wm−2, suggesting that
there is also a slight decrease in the sum of the sensible and latent
heat fluxes after removal of the lakes due to their limited area.

The height of the ABL over the area of Gyaring andNgoring lakes
and the surrounding land surfaces simulated in the control
experiment is ~500 and above 1,500m, respectively (Figure 4A).
The height of the ABL over the lakes increases to 2,000 m in the no
lake experiment (Figure 4B). The presence of the lakes effectively
reduces the height of the ABL over the lake area during daytime.

Figure 5 shows the distribution of the average wind field at 14:
00 LST. Local dispersion wind field can be noted over Gyaring
and Ngoring lakes; it flows from the center of the lakes to the
surrounding land. The dispersion wind field is absent in the no
lake experiment, implying that Gyaring and Ngoring lakes can
affect the wind field characteristics near the surface.

The precipitation over Gyaring and Ngoring lakes simulated
by the control experiment is high in the south and low in the
north (Figure 5). Compared to the control experiment, the
precipitation over the central lake area simulated by the no
lake experiment is increased by more than 20 mm over some
locations (Figure 6). The increase reaches up tomore than 25% of
the precipitation in this area for the same period.

Figure 7 shows prevailing westerly winds at 550 hPa over the
Gyaring and Ngoring lakes with the air temperature decreasing
from south to north. Compared to the control experiment, the no
lake experiment produced slightly increased air temperature in
most parts of the study area with a maximum increase of ~0.15°C
located in the south of Gyaring and Ngoring lakes.

Contribution of the Water Vapor
Evapotranspiration to the Local
Precipitation
Figure 8 shows the distribution of surface types included in the
WRF model in the second nested domain of the study area.

FIGURE 10 | Contribution of the evapotranspiration from different underlying surfaces in the Yellow River source area to the precipitation during May to September
2013 (unit: mm).
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Grasslands account for the highest proportion (76.3%) of all
surface types, followed by shrublands (11.8%). Mixed shrubland/
grassland composite zones and water bodies account for 7.9% and
3.5% of all surface types, respectively.

The external water vapor sources (those outside the second
nested domain) account for 63.8% of the water vapor sources of
precipitation in the entire study area and are the primary water
vapor sources for precipitation (Figure 9). The
evapotranspiration from the grassland surfaces is the
secondary water vapor source for precipitation, which
accounts for 25.2% of the total water vapor sources. In
addition, only 4.2% of precipitation in the Gyaring and
Ngoring lakes is contributed by the evaporation from the lakes.

Precipitation in the entire study area is mainly affected by the
evapotranspiration from grassland surfaces (except for the
external water vapor sources), which contributes to the
precipitation in almost all parts of the second nested domain
area (Figure 10), while the evaporation from the lakes is the
primary water vapor source for the precipitation over the lakes.
Precipitation induced by evaporation from the lakes also mainly
occurs within a limited area that comprises the lakes and their
surrounding area. Evapotranspiration from the shrubland
surfaces, grassland/shrubland composite surfaces, sparsely
vegetated surfaces, and tundra surfaces contributes relatively
insignificantly to precipitation.

CONCLUSION

In this study, two numerical experiments (a control experiment with
Gyaring and Ngoring lakes and a sensitive experiment without the
lakes) were performed using a coupledWRF-community landmodel
to simulate the sensible and latent heat fluxes, local precipitation, and
the height of the ABL over the study area in a period of 5months
(May to September). The effects of Gyaring and Ngoring lakes on the
short-term climate in the lake area were investigated. In addition, a
backward water vapor transfer model was employed to quantitatively
analyze the contribution of evapotranspiration from various surface
types to precipitation in the Gyaring and Ngoring lake areas. The
main conclusions derived from this study are:

(1) After replacement of the lakes with grasslands, the
sensible heat increases by 118%, and the latent heat
decreases by 58.5% for the experimental period (May to
September 2013). After removal of the lakes, the sensible
heat in the original lake area increases, whereas the latent
heat decreases. The sum of the sensible and latent heat
fluxes in the lake area simulated by the experiment with
(without) the lakes is 185.8 (130.4) W m−2. This indicates
that there is a considerable decrease in the total amounts
of heat and water vapor exchange at the land–air interface
due to the absence of the lakes. From a perspective of the
entire study area, the sum of the sensible and latent heat
fluxes simulated by the experiment with (without) the
lakes is 132.6 (130.1) W m−2, suggesting that there is also a
slight decrease in the sum of the sensible and latent heat
fluxes due to the absence of the lakes.

(2) Precipitation in the Gyaring and Ngoring lakes simulated by
the experiment with the lakes is high in the south and low in
the north. After removal of the lakes, the total precipitation in
the original central lake area during May to September
increases significantly, generally by more than 20 mm with
more than 80 mm increase in some locations. The increase in
temperature and the emergence of a divergent wind field at
550 hPa due to the absence of lakes are both factors
conducive to the increase in precipitation.

(3) The control experiment results show that the height of the
ABL over Gyaring and Ngoring lakes and the surrounding
area is ~500 and above 1,500 m, respectively. Without the
lakes, the height of the ABL simulation over the original lake
area increases to above 1,500–2,000 m. The presence of
Gyaring and Ngoring lakes tends to reduce the height of
the ABL over the lakes during daytime.

(4) Of the total precipitation in Gyaring and Ngoring lakes,
63.8% is contributed by the external water vapor sources.
Evapotranspiration from grassland surfaces is the
secondary water vapor source for precipitation in the
study area, and 25.2% of the total precipitation is
contributed by this source. Of the total precipitation in
the lake area, 4.2% is contributed by the evaporation from
the Gyaring and Ngoring lakes.

While deriving these conclusions, we also notice that further
work is required to make improvements (e.g., coupling the WRF
model with surface parameters retrieved from satellite remote
sensing data) because there is a noticeable discrepancy between
the surface data in the WRF model and the actual data. In
addition, the results of contribution of evapotranspiration
from various surface types in the basin of Gyaring and
Ngoring lakes require further validation.
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Distribution and Controlling Growth
Factors of Ooids in Qinghai Lake,
Northern Tibet Plateau, China
Lewei Hao1*, Huifei Tao1*, Shutong Li1, Xiaofeng Ma1, Hongjie Ji 2 and Junli Qiu1

1Key Laboratory of Petroleum Resources, Northwest Institute of Eco-Environment and Resources, Chinese Academy of
Sciences, Lanzhou, China, 2State Key Laboratory for Nuclear Resources and Environment, East China University of Technology,
Nanchang, China

Ooids are coated carbonate grains, which exist in shallow water marine and lacustrine
environments. There is an ongoing debate about whether the origin of ooids is inorganic or
organic. Qinghai Lake is the largest inland lake in China, and ooids are seen on the lake
shore. This paper focuses on whether environmental energy has an impact on the growth
and size of ooids. Through hydrochemical analysis, thin section observation, and scanning
electron microscope, the carbonate coats of beach sands from Qinghai Lake were
studied. The research shows that the carbonate-coated grain content from the
different shores of the lake present variations. The hydrodynamics and particularly the
waves seem to control the distribution of carbonate coats in the lake shore, not the
hydrochemical condition. In addition, the integrity and thickness of carbonate coats from
the shores with a strong hydrodynamic force are high and thick, respectively. The
carbonate coats are often observed on medium-grained sands, and the maximum
carbonate-coated grain occurred under the strongest waves, indicating that ooids can
be produced only when hydrodynamic force and particle size are well matched. Bacteria or
extracellular polymeric substances are not observed within the ooid cortices by scanning
electron microscopy. So, bacteria may not be a major factor in the formation and growth of
ooids, but hydrodynamic forces appear to play a great role in carbonate grain coat
distribution, integrity, thickness, and ooid grain size.

Keywords: Qinghai Lake, hydrodynamics, grain size, hydrochemical condition, carbonate coats

INTRODUCTION

Ooids are poorly to well-developed cortices accreted around a nucleus, which are found in both
ancient and modern sedimentary environments (Ball, 1967; Harris et al., 1979; Beukes, 1983;
Simonson and Jarvis, 1993; Li et al., 2013; Liu et al., 2021). Ooids have been used as paleoclimatic and
paleoceanographic proxies for sea level, redox state, water depth, temperature, salinity, and
hydrodynamic environment (Kump and Hine, 1986; Opdyke and Wilkinson, 1990; Lu et al.,
2020). It has been debated for over a hundred years whether the formation of ooids is inorganic
or organic. The most widely accepted ooid genesis is that ooids are inorganic carbonates formed by
chemical precipitation from shallow, warm, carbonate-saturated, and agitated water (Davies et al.,
1978; Tucker and Wright, 1990; Sumner and Grotzinger, 1993; Duguid et al., 2010; Trower et al.,
2017). Field and laboratory studies suggest that tangential ooids are inorganic precipitated during
agitated conditions, whereas radial ooids are formed in quiet water with the participation of organic
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matter (Kahle, 1974; Davies and Martin, 1976; Davies et al., 1978;
Diaz and Eberli, 2019). Microbes may be a key role in the
formation of ooids. Metabolic activities of microbes induce pH
changes resulting in precipitation and extracellular polymeric
substances (EPS) providing nucleation sites for carbonate mineral
growth (Dupraz and Visscher, 2005; Diaz and Eberli, 2019).
Photosynthetic microbes not only dominate carbonate
precipitation in the early stages of ooids but also control the
formation of the entire cortex in ooids from Lake Geneva (Plée
et al., 2008; Pacton et al., 2012). Microorganisms are found to be
important in the formation of ooids. However, Trower et al.
(2017) demonstrated that the physical environment is more
important generally in controlling ooid growth in laboratory
experiments. The size of ooids is determined by a balance
between growth by chemical precipitation and erosion by
abrasion (Trower et al., 2017; Sipos et al., 2018). This oratory
result lacks validation with field data (Diaz and Eberli, 2019).
Ariztegui et al. (2012) also showed a little influence of
environmental energy on the size and form of the ooids in
western Lake Geneva, Switzerland. So, whether the
environmental energy has an impact on the growth of ooids
needs more field data.

Most of the studies on modern ooids are concentrated in the
ocean especially the Bahamian archipelago, which have been
extensively studied (Ball, 1967; Harris et al., 1979; Wanless
and Tedesco, 1993; Rankey et al., 2006; Harris et al., 2011).
Besides the ocean, ooids are also found in lakes, such as the
Great Salt Lake, Utah (Kahle, 1974; Halley, 1977), Pyramid Lake,
Nevada (Popp and Wilkinson, 1983), Higgins Lake, Michigan
(Wilkinson et al., 1980), and Lake Geneva, Switzerland (Davaud
and Girardclos, 2001; Plée et al., 2008; Pacton et al., 2012). Most
of these lacustrine ooids show a smaller size compared with the

ocean and some particles with discontinuous or patchy micritic
coatings (Davaud and Girardclos, 2001). In the Qinghai Lake
located in the northeastern Tibetan Plateau (Figure 1), aragonitic
ooids are found in the eastern lake shore (LZIG, 1979). However,
further works about the origin, distribution, and morphology of
ooids in Qinghai Lake have not been studied. The aims of this
paper are to describe the distribution of the coated grains in
Qinghai Lake and analyze the factors controlling their
distribution and growth, especially environmental energy.

Study area
Qinghai Lake is the largest inland saltwater lake in China, which
is located in the northeastern Tibetan Plateau (36°32′–37°15′N,
99°36′–100°47′E) (Figure 1). It is a closed lake with an area of
4,400 km2 and a catchment area of ca 2.96 × 104 km2 (Fan et al.,
1994). The salinity is from 12.25 to 13.2 g/L, and the south of the
lake is higher than the northern lake (LZIG, 1979). The lake
transformed from open to close due to the tectonic uplift of the
Riyue Mountains during the Middle to Late Pleistocene (Li and
Fang, 1999; Yuan et al., 1990). Qinghai Lake is situated in a
semiarid area influenced by the East Asian monsoon, Indian
monsoon, and westerly winds (An et al., 2012). The average
annual temperature is −0.7°C, and the average water depth is 21 m
in the lake (Fan et al., 1994). The main rivers flowing into Qinghai
Lake are Buha River, Quanji River, Shaliu River, Haergai River,
and Heima River, and the other rivers are small and seasonal
(Figure 1) (LZIG, 1979; Li et al., 2007). The two meteorological
stations Eri and Yl are located in the north and south of the lake,
respectively (Figure 1). Eri Station located in the northern lake
displays a bidirectional wind regime, and the wind predominantly
blows from ESE and NE. The mean wind speed is 4.6 m/s (Hu
et al., 2021). The prevailing winds at Yl Station located in the

FIGURE 1 | Location of the study area (satellite data taken from Google Earth).
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southern lake are from NNE and NE, and the mean wind speed is
3.7 m/s (Li et al., 2016, Li et al., 2018; Li, 2020). Wave height and
length in coastal systems correspond to wind speed and fetch in
lakes. Annual average wave height of Qinghai Lake is from 0.2 to
0.4 m according to the wind speed from 2.8 to 4.1 m/s (Zhang
et al., 2018). Based on the wind data, it shows that the
hydrodynamics of the northern lake are stronger than the
southern lake. Two lagoons are distributed on the east coast of
the lake, named Erhai and Gahai, respectively (Figure1). There
are rivers flowing into Erhai, while Gahai is a closed lagoon. The
area of Erhai and Gahai are 4 and 12 km2, respectively. The
maximum depths of the lagoon are from 4 to 5 m (LZIG, 1979).
Due to the small area and shallow water depth, the waves formed
in the lagoon are small. Beach deposits occur mostly along the
coast of the lake and lagoons.

METHODS

A total of 31 water and sediment samples are collected from the
lake and rivers. Among them, 10 samples are distributed in 10
rivers, 17 samples from 6 beaches of a lake (DS, HX, JH, LD, LN,
QU), and 4 in the beaches of two lagoons (Figure 1 and Table 1).
All water samples were filtered by 0.45-μm membranes. The

bottles were rinsed twice with deionized water and local water
before sampling. The concentrations of major cations and anions
were detected by ICP–OES (OPTIMA 8000, PerkinElmer) and
ion chromatography (ECO IC, Metrohm), respectively.
Carbonate and bicarbonate ions were measured by titration
method according to the geological and mineral industry
standard of the People’s Republic of China (DZ/T 0064.49-93:
Groundwater quality analysis methods Part 49: Determination of
carbonate, bicarbonate and hydroxide ions—Titration method).
pH values were measured with handheld meters (SX-620; Sanxin,
China). Sixteen sediment samples were selected from eight rivers,
six beaches of lake and two lagoons for thin sections. The samples
were obtained under polarization microscope with the photo-
collecting system. The grains with carbonate coats are mostly
smaller than 500 μm. On the basis of the analysis of thin sections,
eight sediment samples with carbonate coats were selected and
sieved less than 500 μm for scanning electronic microscopy
(SEM) analysis. The samples were impregnated with epoxy
resin for thin sections with a diameter of 1 cm and a thickness
of 3 mm. The thin sections were mounted on an aluminum stub
and coated with carbon to render them conductive. Samples were
imaged using a Zeiss MERLIN Compact FESEM. The grain size
and carbonate-coated thickness in every photomicrograph by
SEM was obtained using the ImageJ software. The roundness of

TABLE 1 | Hydrochemical properties and major chemical constituents of water samples from the study area (ionic concentrations in mg/L).

Sample
type

Sample Ca2+ K+ Mg2+ Na+ Cl− SO4
2- CO3

2- HCO3
− pH S

River BHH 38.75 1.98 15.66 30.00 32.39 53.62 2.89 176.10 8.21 -
DTH 66.96 7.17 36.96 99.33 132.48 72.30 17.32 346.34 8.43 -
HEG 56.43 1.88 22.69 31.35 14.58 43.29 17.32 193.71 8.37 -
HMH 29.58 3.25 13.38 52.17 30.02 22.77 5.77 205.45 8.44 -
JHH1 74.55 2.58 9.73 32.58 20.01 29.94 5.77 217.19 8.38 -
JHH2 55.62 3.66 7.75 30.51 22.77 22.86 5.77 146.75 8.30 -
LNH1 78.00 2.02 21.21 42.63 48.69 28.29 5.77 281.77 8.32 -
LNH2 72.39 3.45 18.00 39.66 43.41 45.06 8.66 211.32 8.34 -
QJH 62.88 2.24 13.35 32.04 23.73 26.64 5.77 199.58 8.36 -
SLH 27.00 1.89 14.99 75.33 35.94 96.24 5.77 187.84 8.37 -

Lake DS1 8.23 160.56 688.20 2,480.54 4,602.00 1,922.40 288.70 851.17 8.87 11.84
DS2 7.23 160.62 706.20 2,490.48 4,765.80 1,960.20 288.70 851.17 8.86 10.18
HX1 6.38 156.72 679.80 2,830.22 4,486.80 1,860.60 317.57 836.49 8.94 10.02
HX2 7.87 162.00 721.20 2,903.49 5,092.20 2,148.60 317.57 821.82 8.95 11.34
HX3 8.26 142.20 607.20 2,568.00 4,066.20 1,710.00 317.57 821.82 8.91 14.20
JH1 6.59 118.32 472.20 2,247.76 3,290.40 1,396.20 288.70 777.79 8.90 12.43
JH2 6.58 119.40 452.80 2,264.74 2,079.00 931.20 303.13 719.09 8.98 15.58
LD1 9.54 104.04 430.50 2,118.60 3,911.40 1,639.20 274.26 704.41 9.04 16.35
LD2 9.35 127.44 505.74 2,192.40 2,698.20 1,171.20 274.26 645.71 9.00 18.04
LD3 10.15 121.50 530.58 2,176.20 3,381.60 1,430.40 274.26 645.71 9.02 17.71
LN1 7.08 192.72 765.60 2,725.00 4,813.80 1,971.00 346.44 763.12 8.99 11.40
LN2 5.44 164.52 738.00 2,390.94 4,686.60 1,899.00 360.87 733.77 9.03 9.55
LN3 7.48 113.28 486.54 1,936.80 3,057.00 1,261.20 245.39 851.17 8.84 12.71
QU1 9.14 107.58 459.30 1,792.20 2,878.80 1,182.60 332.00 821.82 8.96 21.76
QU2 5.67 132.96 577.74 2,364.00 3,531.00 1,447.80 332.00 821.82 8.94 11.20
QU3 9.31 125.82 520.38 2,183.40 3,816.00 1,609.20 317.57 821.82 8.97 17.58
QU4 5.99 117.00 507.12 2,067.60 3,292.20 1,380.60 346.44 821.82 8.95 13.35

Lagoon EH1 24.19 13.32 76.14 273.06 120.84 57.78 34.64 363.95 8.63 25.86
EH2 35.20 11.95 60.20 226.66 186.12 112.14 28.87 363.95 8.43 30.97
GH1 13.89 405.33 985.86 6,780.89 10,160.40 4,645.80 433.04 807.14 8.89 14.01
GH2 13.21 442.87 1,154.17 6,986.84 8,295.60 3,856.80 447.48 792.47 8.90 14.72

Note. S, calcium carbonate supersaturation value.

Frontiers in Earth Science | www.frontiersin.org February 2022 | Volume 10 | Article 8244533

Hao et al. Controlling Growth Factors of Ooids

91

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


the grains with carbonate coats was classified as 1 (angular), 2
(sub-angular), 3 (sub-rounded), 4 (rounded), and 5 (very
rounded) using the scale from the petroleum and natural gas
industry standards of the People’s Republic of China (SY/T 5368-
2016: Identification for thin section of rocks). The proportion of
carbonate coat covering the grain surface was described by a
semiquantitative approach, from 1 (10% grain surface) to 10
(100% of grain surface).

RESULTS

Hydrochemical characteristics of water
Hydrochemical data of water samples are presented in Table 1. It
shows that the concentrations of most ions in lakes are generally
higher than those in rivers, except calcium ion. The
concentrations of ions in a lagoon with river inflow (EH1 and
EH2) are between those of lakes and rivers (Table 1). Water
samples in the closed lagoon (Gahai) present the highest the
concentrations of ions in this study area. Figure 2 shows the Piper
diagram plot for the study area. Water samples are classified as
two different water types. The hydrochemical types of most
waters in the rivers are HCO3–Ca·Na type. Water samples
from the lake and closed lagoon present the Cl–Na type.
Water samples of a lagoon with a river inflow show the
HCO3–Na type. The pH values in the rivers range 8.21–8.44.
The lake water samples present higher pH values, from 8.84 to

9.04 (Table 1). For the lagoons, one with a river inflow shows
lower pH values than the other.

Characteristics of carbonate coats
Through thin section observation, carbonate coats are found in
lake and lagoon sediments, while there are no carbonate coats on
grains in river sediments (Figure 3A). Carbonate coats cover
diverse framework grains (e.g., quartz, feldspars, heavy minerals,
lithic fragments, and carbonates) in different samples, reflecting
the nature of the source areas. Some particles exhibit patchy or
discontinuous coatings, and other grains present continuous
cortices with poorly developed concentric laminae (Figures
3B–D), similar to lacustrine ooids described from Lake
Geneva (Davaud and Girardclos, 2001). Scanning electron
microscopy analyses reveal needle-columnar and anhedral
crystals within the cortices (Figures 3E,F). The number of
particles with carbonate coats, the degree of carbonate coat
coverage, and thickness of coats are highly variable in the
sediments. The carbonate coat thickness, coverage, particle
size, and roundness of nine sediment samples from lakes and
lagoons were statistically analyzed (Table 2). In total, 117 to 242
grains were counted to identify whether carbonate coats are
developed in the samples. The sediment samples show
significant differences in the percentage of particles with
carbonate coats. The lagoon sediments have low values of
15.3% and 15.8% (Table 2). Compared with lagoons, the
percentage of particles with carbonate coats in the lake

FIGURE 2 | Piper diagram plot for the study area (Piper, 1944).
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sediments have higher values, but there are also differences
between the northern and southern parts of the lake. In the
northern lake, the percentage of particles with carbonate coats
ranges from 26.1% to 43.1%. The particles with carbonate coat
percentages of two samples in the south of the lake are 20.7% and
29.0%, respectively (Table 2).

The grain sizes of all samples display mean values ranging
from 173.7 to 303.5 μm (Table 2). The sediments of samples
belong to fine sand (125–250 μm) and medium sand
(250–500 μm). DS2 and HX4 consist of fine sand (Figure 4A).
LN3 and EH1 are mainly medium sand (Figure 4A). The other

samples include fine sand and medium sand (Figure 4A). To the
particles with carbonate coats, they are mainly distributed in the
coarser part of the samples (Figure 4B). The grain size of the
particles with carbonate coats from the samples presents mean
values ranging from 178.8 to 372.3 μm (Table 2). The particles
with carbonate coats are mainly composed of medium sand
except samples DS2 and HX4 (Figure 4B).

The roundness of the particles with carbonate coats shows
mean values ranging from 2.9 to 3.9 (Table 2). The particle
roundness from QU4 and EH1 present sub-angular to rounded.
The other samples are mainly sub-rounded to even very rounded

FIGURE 3 | Representative microphotographs under optical microscope and scanning electronic microscopy (SEM) showing the textural characteristics of
carbonate coats within the study area. (A) Photomicrograph of the sand sediments from Buha River. (B) Photomicrograph of the sample QU4, CC-carbonate coat. (C)
SEM image of the sample HX4. (D) SEM image of the sample LD1. (E) SEM image reveals needle-columnar crystals within the cortices. NCC, needle-columnar crystals.
(F) SEM image reveals anhedral crystals within the cortices. AC, anhedral crystals.
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(Figure 4D). With the increase in carbonate coat content, the
roundness has a little variation (Figure 5A). The proportion
mean values of carbonate coat covering the grain surface are from
4.9 to 7.7 (Table 2). EH1 and GH1 samples show low carbonate
coat covering the grain surface, while other samples present high
covering, especially the samples from the north of the lake
(Figure 4C). The carbonate coat thickness of the samples
present a mean value ranging from 11.4 to 18.8 μm (Table 2),
and are mostly less than 20 μm (Figure 4E).

DISCUSSION

Carbonate coat formation conditions
Carbonate supersaturation is the main factor controlling the
distribution of ooid sands (Rankey and Reeder, 2009). When
the content of a certain mineral in water reaches saturation,
precipitation can occur. By calculating the supersaturation value
of calcium carbonate, Qinghai Lake and its lagoons are in a
supersaturated state (LZIG, 1979). Chemically formed micritic
carbonate minerals, like high-Mg calcite and aragonite, are
about 1–15 μm and are found in the upper 10 m water of
Qinghai Lake and at the bottom of the lake, while they are not
found in the lake shore (LZIG, 1979; Jin et al., 2013). Due to the
strong hydrodynamic force at the lake shore (maximum wave
height ranging from1.8 to 3.3 m), the microcrystalline carbonate
was transported from the lake shore to the deep lake (LZIG, 1979;
Zhang et al., 2018). Previous studies mainly collected the water in
the deeper part of the lake to calculate the supersaturation value of
calcium carbonate, and whether it has reached supersaturation for
the lake shore (LZIG, 1979). According to the same method from
LZIG (1979), we calculate the supersaturation value of calcium
carbonate from the lake shore. Both Qinghai Lake and lagoon
shores are greater than 1 (Table 1), although the values presented
are different, indicating that calcium carbonate minerals can also
be precipitated in the water of the lake shore. Moreover, it can be
observed from the thin section that the sediments of the river are
not carbonate coats, so the carbonate coats of the sediments in the
lake and lagoons should be self-generated rather than imported
from rivers. Therefore, part of the microcrystalline carbonate is
transported to the deep lake by backwash from waves, and the
other part covered with particles formed the carbonate coats.

Though strong hydrodynamics can take microcrystalline
carbonate away from the lake shore to the deep lake, it is the
essential condition to form the carbonate coats (Davies et al., 1978).
Field studies and laboratory experiments suggest that agitation and
supersaturation are two important conditions in the formation of
ooids (Broecker and Takahashi, 1966; Davies et al., 1978). Sediments
in this study are collected from the lake shores with strong
hydrodynamics due to wind waves. Sands are introduced into
turbulent supersaturated lake water by the strong
hydrodynamics, and inorganic extremely small calcium carbonate
crystal aggregates precipitate on their surfaces (Davies et al., 1978).
Sedimentary particles with the same lake shore environment should
have a similar behavior. However, not each particle has carbonate
coats in the study area, and the highest percentage of particles with
carbonate coats is only 43.1% at the lake shore (Table 2), which
shows a complexity of the carbonate coat formation.

Grain size effect on carbonate coat growth
The carbonate coats have often been observed around medium-
grained sand, which are the coarser sand fraction in the sediments
(Figure 4BandTable 1). Carbonate-coat growth requires three
stages: suspension growth, resting, and sleeping stages (Davies
et al., 1978). In the same sedimentary hydrodynamic condition, the
different-sized grains experience different transport types, such as
grain flow, saltation, and suspension (Hao et al., 2019). At the lake
shore, where the large wave occurs, the strong hydrodynamics can
stir up the coarse and fine sand leading to transient suspension.
When the hydrodynamics becomeweaker, the coarser sand deposit
on the lake bed, but the fine sandmay be still suspended. So the fine
sand only remains a short time on the lake bed, which means that
the fine sand lack the resting and sleeping stages of the carbonate
coat growth. Moreover, the carbonate coat growth needs to spend
95% of its life in the subsurface (Davies et al., 1978). In this area, the
coarse sediment is mixed with fine sediment; the critical shear
stress to mobilize the coarse sediment decreases due to exposure
effects (McCarron et al., 2019). At the weak wave condition, the
coarse sediment may be stirred up, and the calcium carbonate
crystal aggregates will precipitate on their surfaces. This may be the
reason why the carbonate coats are often observed on medium-
grained sand and rarely on fine sand in this study area. This also
could explain the maximum carbonate-coated grain (mean grain
size of 372.3 μm, Table 2) occurring in the northeast lake shore

TABLE 2 | Data table for the samples from the lake and lagoon.

Sampling
location

Sample N1 N2 P D1 D2 R I T

South of the lake QU4 184 38 20.7 233.9 290.0 3.0 5.8 15.4
DS2 214 62 29.0 173.7 198.8 3.6 6.8 11.6

North of the lake HX4 230 60 26.1 185.9 210.7 3.8 7.0 11.4
JH2 242 88 36.4 222.5 276.2 3.6 7.7 12.8
LD1 117 44 37.6 281.2 372.3 3.5 7.7 18.8
LN3 209 90 43.1 277.1 336.1 3.6 7.5 13.3

Lagoon EH1 124 19 15.3 303.5 321.5 2.9 4.9 12.5
GH1 152 24 15.8 277.9 328.5 3.9 6.5 16.7

Note. N1, number of all grains; N2, number of coated grains; P, proportion of coated grains (%); D1, average size of all grains (μm); D2, average size of coated grains (μm); R, coated grain
rounded (μm); I, carbonate coat integrity; T, carbonate coat thickness (μm).
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with the strongest waves (Zhang et al., 2018). In a unimodal
mixture, coarse sediment requires a high critical shear stress to
be mobilized, while the fine unimodal sediment is readily mobile at
a low critical shear stress (McCarron et al., 2019). If the lake shore is
mainly composed of fine sediments and has strong hydrodynamic
force, it is likely that the carbonate coats will not be produced due
to the lack of resting and sleeping stages. On the contrary, if the
sediments are mainly composed of coarse sediments, and the
hydrodynamic force is very weak, it is likely that the carbonate
coats will not form as the grains cannot be suspended. Therefore,
carbonate coats can be produced only when the hydrodynamic
force and the particle size are well matched. Due to the hiding-

exposure effect, the relationship between the hydrodynamic force
and the particle size will get more complex (McCarron et al., 2019).

Hydrodynamic effect on carbonate coat
distribution
The agitation and supersaturation are two important conditions
in the formation of the carbonate coats, so which factor leads to
the difference of the proportions of particles with carbonate
coats? In the two lagoons, the proportions of particles with
carbonate coats are similar values, but the hydrochemical
conditions show great distinction presenting the Cl–Na type

FIGURE 4 | Results for grain and carbonate coat characteristics for the samples from the lake and lagoon. (A) Results for all grain sizes in the samples from the lake
and lagoon. (B) Results for coated grain sizes in the samples from the lake and lagoon. (C) Results for coating integrity in the samples from the lake and lagoon. (D)
Results for grain rounded in the samples from the lake and lagoon. (E) Results for coating thickness in the samples from the lake and lagoon.
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and HCO3–Na type (Figure 2andTables 1 and 2). For the lake, it
shows a similar hydrochemical condition in the different lake
shores, while the proportions of particles with carbonate coats
present a difference (Figure 2andTables 1 and 2). Therefore,
when the water in the different environments reaches carbonate
supersaturation, the hydrochemical condition is not the major
factor for controlling the distribution of carbonate coats.

The distribution of carbonate coats could be strongly linked to
the location of the hydrodynamics. The fact that the two lagoons
have similar small waves could explain the similar low
proportions of particles with carbonate coats (Table 2). Lakes
with stronger hydrodynamic forces have more proportions of
particles with carbonate coats than lagoons (Table 2). The
strength of waves varies at different locations of the lake
(Zhang et al., 2018; Li, 2020; Hu et al., 2021). The north of
the lake has an open lake surface and strong winds, which can
produce larger waves, so the proportions of particles with
carbonate coats in the north lake shore except the sample
HX1 are higher than those in the south lake shore (Table 2).
Sample HX1 is located in the lake bay of the northern lake with
weak waves, so it has a lower proportion of particles with
carbonate coats than the other north lake shore samples.
There is a good correlation between the hydrodynamics and
the proportions of particles with carbonate coats. Therefore, the

hydrodynamics, and particularly the waves, are interpreted to be
major factors controlling the distribution of carbonate coats in a
similar sedimentary environment.

Hydrodynamic effect on carbonate coat
integrity
The abundance of coated grains was compared with grain coating
integrity (Figure 5B), which shows a strong correlation. This
suggests that the stronger the hydrodynamic force is on the lake
shore, the higher the integrity of coats. In observations from SEM,
calcium carbonate crystal is generally found in the pit, on the low-
coated covering grains (Figure 3B). Carbonate coats are initially
precipitated in pits on the grain surfaces. When the pits are filled,
the calcium carbonate crystal starts to cover other grain surfaces.
Under weak hydrodynamic conditions, coarse particles are easy
to suspend due to exposure effect, but there is a short time stay in
the suspended stage due to their weight, which leads to the
calcium carbon crystal only settling in small pits. In the lake
shores with strong hydrodynamic forces, coarse particles can be
constantly suspended, and the rate of calcium carbon
microcrystalline precipitation on the grain surface is greater,
leading to the particles being completely covered by calcium
carbon crystal. In addition, the particles with a higher integrity of

FIGURE 5 | Correlation between coated grain content and carbonate coat characteristics. (A)Cross-plot of grain rounded versus coated grain content. (B)Cross-
plot of coating integrity versus coated grain content. (C) Cross-plot of coating integrity versus grain rounded. (D) Cross-plot of coating thickness versus coated grain
content.
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precipitated carbonate coats also have the better roundness
(Figures 3Dand5C). Because the rounded particles are easy to
be rolled in turbulent conditions, it is more conducive to the
precipitation of microcrystalline carbonate in the
suspension stage.

Hydrodynamic effect on carbonate coat
thickness
The carbonate coat thickness has a weak correlation with the coated
grain content, displaying that the low-coated grain content has a
larger coat thickness (Figure 5D). On the lake shore with less-coated
grain content, the carbonate is generally developed in pits of
particles and covers less of the particle surface, and the thickness
of the completely covered carbonate coats present is thin (Figures
3B, C). When measuring the carbonate coat thickness in the lake
shore with the low-coated grain content, the depth of most pits was
measured representing the thickness of the carbonate coats due to it
rarely completely covering the grain surface, which leads to a large
thickness of the carbonate coats in this lake shore. In the lake shore
with more coated grain content, there are more particles completely
covered with carbonate coats (Figure 3D), and the statistical
thickness is mostly the thickness of the carbonate rings, not the
depth of the pits. Different statistical methods lead to a higher
carbonate coat thickness values in the lake shore with the low-coated
grain content. If the thickness of the completely covered carbonate
coats were only counted in all the samples, there should be a good
positive correlation between the carbonate coat thickness and the
coated grain content. The particles from the lake shore with strong
waves can be stirred up many times and undergo several carbonate
microcrystalline precipitation cycles, resulting in an increase in
carbonate coat thickness. So, the hydrodynamic force on the lake
shore can affect the thickness of the carbonate coats.When ooids are
near a dynamic equilibrium size dependent upon precipitation and
abrasion, ooid growth would cease (Trower et al., 2017).

Beach rock deposits exist in the shoreline of Qinghai Lake, and
microorganisms are found in the carbonate cement of beach rock
(Li, 2003; Chen et al., 2019). The grain cortices also develop in the
beach rocks, which are disposed radially. Radial ooids are
generally formed in quiet water with the bacteria (Davies
et al., 1978). Therefore, microorganisms play an important
role in the formation of cortices in this beach rocks. Recent
studies have shown that microorganisms are found more and
more important in the ooid formation (Diaz et al., 2015; Diaz
et al., 2017). In this study, the ooids show tangential differences
with those in the beach rocks, and bacteria or EPS are not
observed within ooid cortices by SEM. Therefore, whether
bacteria are involved in the formation of ooids needs more
analytical methods to study in the future, but it is certain that
hydrodynamic forces play a great role in carbonate grain coat
distribution, integrity, thickness, and ooid grain size.

CONCLUSION

1. Qinghai Lake has the hydrochemical and hydrodynamic
conditions for the formation of ooids. Carbonate coats are

found in different lake shores and lagoons, which show thin
cortices and even some particles with discontinuous or patchy
coatings.

2. Carbonate-coated grain content presents variations in
different locations in the lake. The hydrochemical condition
is not the major factor but the hydrodynamics, and
particularly, the wave characters seem to control the
distribution of carbonate coats in the similar sedimentary
environment.

3. The carbonate coats are often observed on medium-grained
sand and rarely on fine sand in this study area, and the
maximum carbonate-coated grain occurred under the
strongest waves. Carbonate coats can be produced only when
the hydrodynamic force and particle size are well matched.

4. The strong hydrodynamic force on the lake shore induces
higher integrity and thickness of sand coats. Hydrodynamics is
not only one of the important conditions for the formation of
the carbonate coats but also has a significant effect on
carbonate grain coat distribution, integrity, thickness, and
carbonate coat grain size.

5. Bacteria or EPS are not observed within ooid cortices. The
bacteria are not the main factor, but hydrodynamic forces play
a great role in the formation of ooids in this study area.
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Correlation Between brGDGTs
Distribution and Elevation From the
Eastern Qilian Shan
Hansheng Wang†, Peng Gao†, Rui Yang†, Junsheng Nie*, Bo Cao, Aifeng Zhou*,
Baotian Pan*, Lin Chen and Tingjiang Peng

Key Laboratory of Western China’s Environmental Systems (Ministry of Education) , College of Earth and Environmental Sciences,
Lanzhou University, Lanzhou, China

A clear understanding of the uplift history of the Tibetan Plateau is the key for correctly
understanding its uplift mechanisms and impacts on the Asian environment. However,
consensus has not been reached regarding the uplift history of the Tibetan Plateau,
especially because of lack of well-calibrated paleoaltimetry proxies and lack of knowledge
of how to correctly apply them to the past. Branched glycerol dialkyl glycerol tetraethers
(brGDGTs) are a promising paleoaltimetry proxy because these largemolecules tend to get
preserved in sediments, and this proxy has a clear relationship with mean annual air
temperature (MAAT), circumventing convoluted impact of precipitation or isotope
variations on isotope-based paleoaltimetry proxies. As a result, many calibrations have
been carried out linking brGDGTs with paleoelevation. Qilian Shan of the northeastern
Tibetan Plateau is a key place testing previous models regarding the uplift model of the
Tibetan Plateau. However, no modern calibration equation linking brGDGTs with MAAT is
available. Here, we presented the first calibration equation between brGDGTs and
MAAT from the eastern Qilian Shan with an elevation ranging from 2,055 to 3,300m
[MAAT = −15.50 + 49.55 × MBT′5ME (R

2 = 0.89, p < 0.001, RMSE = 1.07°C)]. We further
established the calibration between MBT′5ME-derived MAAT and elevation. This dataset
lays the foundation to understand the uplift history and environmental variations of the
northeastern Tibetan Plateau area.

Keywords: Qilian Shan, brGDGTs, MBT95ME, elevation, paleo-altimeter, calibration equation

INTRODUCTION

The Tibetan Plateau is the largest orogenic belt, known as “the Roof of the World” (Fielding, 1996;
Yin and Harrison, 2000; Royden et al., 2008). The uplift of the Tibetan Plateau over the Cenozoic is
considered a key forcing for regional and global climate (An et al., 2001; Molnar et al., 2010), but its
uplift history is hotly debated (Harrison et al., 1992; Raymo and Ruddiman, 1992; Molnar et al.,
1993; Liu and Yin, 2002; Chung et al., 2005; Lu et al., 2005; Liu et al., 2016). Different models have
been proposed regarding the uplift of the Tibetan Plateau, and the northeastern Tibetan Plateau is
a key location to test these models because they predicted different uplift timing of this part of the
plateau (Harrison et al., 1992; Kristen Clark and Handy Royden, 2000; Tapponnier et al., 2001).
For example, stepwise uplift models emphasizing large-scale strike-slipping faulting in establishing
the plateau predicted Pliocene–Pleistocene uplift of the Qilian Shan (Tapponnier et al., 1982,
2001). By contrast, models emphasizing asthenosphere detachment predicted a synchronous Late
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Miocene uplift across the plateau (England and Houseman,
1988; Harrison et al., 1992; Molnar et al., 1993).

Progress has been made regarding the timing of the
northeastern Tibetan Plateau, but direct evidence restoring
paleoaltimetry of this part of the plateau is scarce. This is
mainly because commonly used stable isotope-based
paleoaltimetry proxies suffer from the water recycling issue in
this region, which prevents a straightforward application of the
calibration equation (Tian et al., 2007; Bershaw et al., 2012; Li and
Garzione, 2017). In order to get a clear understanding of the uplift
history of the northeastern Tibetan Plateau, other approaches are
needed (Deng and Ding, 2015; Jiang et al., 2015; Li and Garzione,
2017; Wang and Liu, 2021).

Bacterial-branched glycerol dialkyl glycerol tetraethers
(brGDGTs) hold great promise in deriving paleoelevation in
this part of the Tibetan Plateau because it links elevation with
mean annual air temperature (MAAT) (Sinninghe Damsté et al.,
2008; Peterse et al., 2009; Liu et al., 2013; Bai et al., 2018; Guo
et al., 2018; Zhuang et al., 2019; Wang and Liu, 2021). However,
there is no MAAT–brGDGTs transfer function available for the
Qilian Shan area, the major highland of the northeastern Tibetan
Plateau, hindering quantitative reconstruction of the elevation
history. Here, we report the first MAAT–brGDGTs transfer
equation using soils from an elevation transect of the eastern
Qilian Shan.

MATERIALS AND METHODS

Study Site and Sampling
The eastern part of the Qilian Shan is located in the confluence
zone of the high cold region of the Tibetan Plateau, the northwest
inland arid region and the eastern monsoon region (Li and Feng,
1988). The characteristics of the vertical climate zone are obvious.
In this region, precipitation increases with altitude, and
temperature decreases with altitude (Yang and Liu, 2012; Wu
et al., 2014; Wang et al., 2017). Precipitation is mainly
concentrated in summer. According to previous studies (Wu
et al., 2014; Wang et al., 2017; Ma, 2020), the basins below
2,200 m above the sea level have typical climatic characteristics
of the semiarid steppe, with the annual average temperature of
7.4–9.6°C and the annual average precipitation of 230–260 mm;
in the foothills, at an altitude of 2,400–2,600 m, the annual
average temperature is between 3.4 and 5°C, and the annual
average precipitation is between 250 and 500 mm; the region with
an altitude of 2,800–3,000 m has a semi-humid forest-steppe
climate, with the annual average temperature of 0–3°C and the
annual average precipitation of 500–600 mm. The subalpine and
alpine regions above 3,000 m above the sea level have an alpine
climate, with the annual average temperature below -5°C and the
annual average precipitation of ~800 mm. Due to the complex
topography and geomorphology, the vegetation also shows the
characteristics of diversity and vertical variation (Wu et al., 2014;
Ma, 2020).

A total of nine soil samples ranging from 2,055 to 3,300 m of
the eastern Qilian Shan were collected. The study area has a small
horizontal span and a large elevation gradient, so it is a good area

to study the relationship between brGDGTs and altitude. The
collected area is covered by natural vegetation. Tomake sure fresh
soils were collected, we removed the top 10 cm soils before taking
the samples. Immediately after the samples were collected, we
packed them in sealed bags.

A total of three instruments were set up to monitor
temperature and precipitation variations from 2,060 to
3,070 m over the year 2005–2020, and one instrument was
set up at 3,600 m over the year 2016–2020 (Figure 1). The
temperature decreases and precipitation increases while
moving up to higher elevation in the Qilian Shan
(Supplementary Table S1). We obtained the temperature
and precipitation data from each sampling location based
on interpolation of data from these. The results showed that
as the altitude rises from 2,055 to 3,300 m, the MAAT drops
from 7.7 to −0.8°C, and the mean annual precipitation (MAP)
rises from 241.4 to 549.8 mm.

GDGTs Pretreatment and Analysis
Plant roots and gravels were picked out from the nine samples,
and then we screened them using a 60-mesh sieve. Freeze-dried
samples weighing 10–15 g were ultrasonically agitated in
dichloromethane:methanol (9:1, v/v) four times, and the total
lipid extract was concentrated under N2 gas and then saponified
for 12 h with 6% KOH/methanol solution. The total lipid extract
was separated over a silica gel using hexane, dichloromethane,
and methanol as eluents to isolate the apolar and polar fractions
(containing GDGTs). The polar fractions of these samples were
redissolved and filtered through a 0.22 μm PTFE filter prior to
analysis.

The determination of GDGTs compounds was carried out at
the Key Laboratory of Western China’s Environmental Systems
(Ministry of Education), Lanzhou University. The GDGTs
analyses were performed using an Agilent 1290 series ultra-
performance liquid chromatography–atmospheric pressure
chemical ionization–6465B triple quadrupole mass
spectrometry (UPLC-APCI-MS) system. When the flow rate
was 0.2 ml/min, an aliquot of 15 μL was injected and separated
on three Hypersil GOLD Silica columns in sequence (each
100 mm × 2.1 mm, 1.9 μm, Thermo Fisher Scientific;
United States), maintained at 40°C. GDGTs were eluted
isocratically with 84% A and 16% B for first 5 min, where A
= n-hexane and B = EtOA, followed by a linear gradient change
to 82% A and 18% B from 5 to 65 min and then changed to
100% B for 15 min, and then back to 84% A and 16% B to
equilibrate the pressure. Analyses were performed using the
selective ion monitoring (SIM) mode to track m/z 1302, 1300,
1298, 1296, 1292, 1050, 1048, 1046, 1036, 1034, 1032, 1022,
1020, and 1018, and the GDGTs compounds were identified as
GDGT-0, GDGT-1, GDGT-2, GDGT-3, Cren (Cren’), Ⅲa
(Ⅲa’), Ⅲb (Ⅲb’), Ⅲc (Ⅲc’), Ⅱa (Ⅱa’), Ⅱb (Ⅱb’), Ⅱc (Ⅱc’), Ⅰa,
Ⅰb, and Ⅰc.

We measured the pH values of soils according to the method
described by Weijers et al. (2007a). First, samples were ground to
powder and then mixed with ultrapure water, using the ratio of
soil to water of 1:2.5 mg/L. Then, samples were centrifuged for
5 min at 3,000 revolutions, followed bymeasuring the pH value of
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the upper supernatant using a pH meter. Each sample was
measured three times, and the average values were reported.

BrGDGTs-Based Temperature Indices
Using brGDGTs to derive temperature relies on the following
indices: methylation of branched tetraethers (MBT),
MBT′5ME (5-methyl), MBT′6ME (6-methyl), Index 1, and MBT5/

6 (Weijers et al., 2007b; De Jonge et al., 2014a; Ding et al.,
2015), where

MBT � ([Ia] + [Ib] + [Ic])/([Ia] + [Ib] + [Ic] + [IIa] + [IIa’]

+ [IIb] + [IIb’] + [IIc] + [IIc’] + [IIIa] + [IIIa’]

+ [IIIb] + [IIIb’] + [IIIc] + [IIIc’]);
(1)

MBT5/6 � ([Ia] + [Ib] + [Ic] + [IIa’])/([Ia] + [Ib] + [Ic] + [IIc]
+ [IIb] + [IIa] + [IIIa] + [IIIa’]);

(2)
MBT’

5ME � ([Ia] + [Ib] + [Ic])/([Ia] + [Ib] + [Ic] + [IIa] + [IIb]
+ [IIc] + [IIIa]);

(3)
MBT’

6ME � ([Ia] + [Ib] + [Ic])/([Ia] + [Ib] + [Ic] + [IIa’]

+ [IIb’] + [IIc’] + [IIIa’] + [IIIb’] + [IIIc’]); (4)
Index 1�10 log(([Ia] + [Ib] + [Ic] + [IIa’] + [IIIa’])/([Ic]

+ [IIa] + [IIc] + [IIIa] + [IIIa’])).
(5)

In the aforementioned formulas, the Roman numbers and
letters with the sign [] represent the relative abundance of a single
brGDGT compound.

The pH-based brGDGTs substitution metrics used in this
article include cyclization of branched tetraethers (CBTs)
(Weijers et al., 2007b)

FIGURE 1 | Topographic map of the Qilian Shan and sampling sites (green dots). The red triangles indicate the locations of the four meteorological meters. Revised
from Gao et al. (2021). The base map is from Google Image.

FIGURE 2 |Relative abundance of tetramethylene, pentamethylene, and
hexamethylene in branched glycerol dialkyl glycerol tetraethers (brGDGTs).
The green circles correspond to soils used in this article. The purple triangles
correspond to soils from the northeastern Tibetan Plateau reported by
Wang and Liu, 2021, and the pink solid diamonds correspond to soils from the
northeastern Tibetan Plateau reported by Chen et al. (2019). The solid white
circles correspond to global soils reported by De Jonge et al. (2014a).
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CBT � −10 log([Ib] + [IIb] + [IIb’])/([Ia] + [IIa] + [IIa’]).
(6)

To convert brGDGTs to temperature, four ways have been
proposed:

MAAT � −8.57 + 31.45 × MBT’
5ME (De Jonge et al., 2014a);

(7)
MAAT � 5.05 + 14.86 × Index 1 (De Jonge et al., 2014a); (8)
MAAT � −20.14 + 39.51 × MBT5/6 (Ding et al., 2015); (9)

MAAT �(MBT − 0.122 − 0.187 × CBT)
/0.02 (Weijers et al., 2007b).

(10)

Equations 7, 8 are based on soils of a widely distributed area,
Eq. 9 is based on Tibetan Plateau soils, and Eq. 10 is also based on
global soils.FIGURE 3 | Correlation between CBT and pH.

FIGURE 4 |Correlation diagrams between brGDGTs index and temperature. (A)Correlation betweenMBT′5ME and temperature; (B) correlation betweenMBT′6ME

and temperature; (C) correlation between MBT5/6 and temperature; and (D) correlation between MBT and temperature.
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RESULTS

BrGDGTs were detected in all samples (Supplementary Table
S2). Figure 2 shows that the relative abundance of
pentamethylation, hexamethylation, and tetramethylation is
the highest (50.2 ± 7.6%) with the former and the lowest
(12.1 ± 5.9%) with the latter. The relative abundance of Ⅲc
and Ⅲc’ detected in each sample is low. In comparison with
previous results (De Jonge et al., 2014b; Chen et al., 2019; Wang
and Liu, 2021), the Qilian Shan surface soils are located at the end
of low tetramethylation.

Figure 3 shows a significant positive correlation between pH
and CBT (R2 = 0.74, RMSE = 0.005). Figure 4 shows the
correlation between the temperature and MBT′5ME, MBT5/6,
MBT, or MBT′6ME, with the strongest correlation with
MBT′5ME and lack of correlation with the latter two. We thus
estimate theMAAT based on the equation betweenMBT′5ME and
temperature (Figure 5). Figure 6 shows the correlation between
observed and estimated MAAT based on Equations 7–10. It is
clear that the results based on Eq. 7 and our own equation have
high correlation, but the results based on our own calibration
have smaller intercept than that of Eq. 7.

Figure 7 shows the correlation between the estimated MAAT
based on our own calibration equation and elevation. A

FIGURE 5 | Reconstructed Qilian Shan soil temperatures based on
MBT′5ME.

FIGURE 6 | Correlation between reconstructed temperature and observed temperature.
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significant linear negative correlation is observed between them
(R2 = 0.85, p < 0.001, RMSE = 1.29°C).

DISCUSSION

Weijers et al. (2007b) found a negative correlation between CBT
and pH based on soils from 90 globally distributed locations,
and this pattern has been confirmed by many groups using soils
from Lake Qinghai of the northeastern Tibetan Plateau and
global soils (Peterse et al., 2012; Wang et al., 2012). Similarly,
our work found a significant correlation between CBT and pH
(R2 = 0.74, RMSE = 0.005). But unlike the previous results of
others, there is a positive correlation between CBT and pH
rather than a negative correlation (Figure 3). After repeated
experiments, we found that the results of many experiments
were highly consistent. Through the study of modern Chinese
soils, some scholars have found that when pH > 7.5 and MAP
<600 mm, there is a positive correlation between CBT and pH
(Xie et al., 2012). Our results fully support this claim because the
pH values of our samples are greater than 7.5, and the
precipitation varies from 241.4 to 549.8 mm. Our work
reveals that the traditional CBT-derived pH correction
equation may not be suitable for alkaline soils in arid
climate, and it is important to evaluate these two factors
before applying established pH calibration equations based
on CBT.

We found a significant correlation between MBT′5ME index
excluding 6-methyl brGDGTs and MAAT (R2 = 0.89, p < 0.001,
RMSE = 1.07°C) for the Qilian Shan transect samples (Figure 4).

This pattern is consistent with the results based on a much
broader soil database by De Jonge et al., 2014a, De Jonge
et al., 2014b (n = 222, R2 = 0.66, RMSE = 4.8°C). Therefore,
this proxy is a more promising one for paleotemperature and
paleoaltimetry reconstruction than MBT and MBT′ in the
study area.

The analysis of the environmental factors of the relative
distribution of brGDGTs isomers shows that the change in
MBT seems to be determined by both pH and MAAT,
whereas CBT is mainly determined by pH (Weijers et al.,
2006; Weijers et al., 2007b). Therefore, temperature can be
reconstructed by combining MBT and CBT (Weijers et al.,
2007a; Weijers et al., 2007b). However, the correlation
between reconstructed temperature and combined using MBT
and CBT still exhibits some problems in some areas. For example,
in Siberia, Serbia, and East Africa, temperature estimates based on
MBT/CBT for MIS 5 are higher than those for MIS 2, and this has
been proposed to be caused by the growth depth effect of GDGTs
(Zech et al., 2012). When using the MBT′/CBT correction
formula based on global soil samples in arid and semiarid
areas, workers found that the calculated temperatures are
lower than the measured values, which may be because rainfall
is the main controlling factor affecting the climatic environment
in arid and semiarid areas (Peterse et al., 2011a; Wang et al.,
2013). Previous studies have elaborated the underlying reason
why MBT and MBT′ have weaker correlation with temperature,
and the mechanism is associated with 6-methyl brGDGTs (Li
et al., 2017). It has been suggested that the soil pH indirectly
affects the correlation between MBT or MBT′ and MAAT by
affecting the content of 6-methyl brGDGTs in soils (Yang et al.,
2015; Chen et al., 2021). Therefore, both pH and temperature
control MBT or MBT′. In addition to pH, some propose that
MBT andMBT′ indices in arid–semiarid areas are also affected by
soil moisture (Loomis et al., 2011; Menges et al., 2014; Yang et al.,
2014; Dang et al., 2016), further weakening its correlation with
temperature (Naafs et al., 2017). The reconstructed MAAT based
on MBT′5ME has the best correlation with observed MAAT
(Figure 6), providing further confirmation of the usefulness of
MBT′5ME in paleoelevation and paleotemperature
reconstructions.

Figure 6 shows that the calibration between MBT′5ME and
temperature based on global soils also has high correlation with
the result based on Qilian Shan soils. However, we argue that the
local calibration equation is better than that based on global soils.
First, the slope between estimated and observed MAAT is closer
to 1 using the local calibration equation. Second, the local
equation has smaller intercept than the one based on global
soils. The better match with the observed MAAT using the Qilian
Shan soils may be because the Qilian Shan soils have higher 6-
methyl brGDGTs. Some scholars pointed out that the 6-methyl
brGDGTs in the surface soils of the Tibetan Plateau account for
about 53% of brGDGTs, which is significantly higher than the
global average of 24% (Ding et al., 2015). In our work, the 6-
methyl brGDGTs are 37.7 ± 13.1%, clearly different from that of
global soils.

Some studies on soil datasets in China have pointed out that in
relatively cold areas (observed MAAT <6°C), the temperature

FIGURE 7 | Correlation between brGDGTs-derived temperature
estimation and altitude of the Qilian Shan samples.
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reconstructed based on MATmr may greatly overestimate
observation temperature (Wang et al., 2020), such as the Laji
Mountains in the northeastern Tibetan Plateau (Wang and Liu,
2021). This is consistent with our research results. Also, our work
found that the deviation between MATmr and the observed
temperature increases with altitude (Supplementary Figure
S1). The reason for this deviation may be because that the
microorganisms that produce GDGTs are more suitable for
growing in warm and humid conditions, so the estimated
temperature may be more biased toward the growing season
temperature of GDGTs (Peterse et al., 2011b; Peterse et al., 2014;
Zeng and Yang, 2019). Another possibility is that the microbes
living in the soils may reflect relatively high soil temperatures
rather than relatively cold atmospheric temperatures (Gao et al.,
2012; Wang et al., 2016). There is a great difference between soil
temperature and atmospheric temperature in cold areas. These
results suggest that there are limitations when using MATmr to
estimate paleotemperature and paleoaltitude in relatively cold
areas (observed MAAT <8°C). It may underestimate the height of
uplift.

Many studies have shown that the calibration equation
between brGDGTs index and temperature varies in different
regions and soil types (Sinninghe Damsté et al., 2008; Bendle
et al., 2010; Yang et al., 2015). Therefore, it is inappropriate to
use the conversion equation in other areas to infer
paleotemperature and paleoelevation variation in an area
with different temperature and precipitation ranges and
seasonality and vegetation (Sinninghe Damsté et al., 2008;
Bendle et al., 2010). We recommend using MBT′5ME to
reflect the temperature change in the Qilian Shan area and
establish the conversion equation between MBT′5ME and
MAAT as follows (Figure 5):

MAAT � −15.50 + 49.55 × MBT’
5ME(R

2 � 0.89, p< 0.001,RMSE

� 1.07+C);
(11)

We further establish the calibration between MBT′5ME-
derived MAAT and altitude as follows:

MAAT � 18.7946 − 0.0060 × altitude(R2

� 0.85, p< 0.001,RMSE � 1.29+C); (12)
The best applicable condition for the correction equation we

established is the alkaline soil in the arid and semiarid regions of
the northeastern Tibetan Plateau.

We note that the MAAT reconstructed using Equations 11,
12 showed an obvious linear negative correlation with altitude,
which decreased from 6.93°C at 2,055 m to −0.54°C at 3,300 m
(Figure 7). The lapse rate associated with the reconstructed
temperature based on our equations is −0.60°C/100 m, similar
to that based on observed temperatures from the
meteorological meters that we set (−0.67°C/100 m). This
lapse rate is also similar to reported lapse rates from the
northern slope of the Qilian Shan (−0.58°C/100 m) (Zhang
et al., 2001) and the neighboring Laji Mountain (−0.65°C/
100 m) (Wang and Liu, 2021). However, one study reported

a lower lapse rate from the south slope of Lenglongling in the
Qilian Shan (−0.51°C /100 m) from higher elevations (elevation
3,200–4,300 m) and higher precipitation ranges (Wang et al.,
2009). We speculate that this difference is due to the obvious
effect of air humidity on the temperature lapse rate. Some
studies have shown that the increase of air humidity will lead to
the decrease of the temperature lapse rate (Guo et al., 2016). In
addition, higher elevations have different vegetation conditions
which may also affect temperature reconstruction due to
potential 6-methyl brGDGTs content variations (Liang et al.,
2019; Lu et al., 2019).

CONCLUSION

To test the accuracy and applicability of brGDGTs as a paleo-
altimeter in the Qilian Shan area, we analyzed the brGDGTs
distribution from soil in Lenglongling in the east of Qilian Shan
with elevation ranges of 2,055–3,300 m. We demonstrate that
MBT′5ME has a good correlation with temperature and altitude
in this area and establish a conversion equation between
MBT′5ME and MAAT (elevation). This transfer equation is
superior to the ones based on global soils, and we
recommend using our equations to reconstruct elevation and
temperature history in the Qilian Shan and areas with similar
climate.
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Lake sediments represent valuable and widely used archives for tracking environmental
and biotic changes over time. Past aquatic communities are traditionally studied via
morphological identification of the remains of organisms. However, molecular identification
tools, such as DNA metabarcoding, have revolutionized the field of biomonitoring by
enabling high-throughput and fast identification of organisms from environmental samples
(e.g., sediments and soil). Sedimentary ancient DNA (sedaDNA) metabarcoding, an
approach to track the biodiversity of target organisms from sediment cores, spanning
thousands of years, has been successfully applied in many studies. However, researchers
seldom explore howwell the signals from sedaDNA data correlate with the fossil records of
target organisms. This information is essential to infer past environmental conditions and
community changes of bioindicators when the increasingly popular molecular identification
method, metabarcoding, is desired instead of a morphological identification approach. In
this study, we explore the correlations of diatom valve records across the last ~940 years
with the diatom sedaDNA metabarcoding data from the same sediment core from lake
Nam Co (Tibetan Plateau). Overall, the results from valve vs. sedaDNA data revealed
concordant diatom richness as well as community patterns. However, several mismatches
in the diatom taxonomic composition existed between the data sets. In general, sedaDNA
data harbored much higher diatom diversity, but due to the lack of reference sequences in
public databases, many molecular units (amplicon sequence variants) remained
unclassified to lower taxonomic levels. As our study lake, Nam Co, is characterized by
brackish water and alkaline pH, some likely cases for the observed taxonomic composition
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mismatches may be due to a valve dissolution issue. Nevertheless, significant drivers for
the diatom richness and community structure largely corresponded between data sets.
Both valve and sedaDNA data demonstrated similar breakpoints for historical diatom
community shifts. A particularly strong shift in the diatom community structure occurred
after ~1950 CE, which may be associated with abrupt environmental changes on the
Tibetan Plateau. Altogether, our study indicates that environmentally driven signals
reflected by the diatom communities are successfully recovered via microfossil as well
as molecular identification methods.

Keywords: SedaDNA, Tibetan Plateau, Lake Nam Co, metabarcoding, microscopy, sediment core

INTRODUCTION

Various pieces of information hidden in lake sediments are
widely used to infer past environmental conditions over long
time periods (Capo et al., 2021). Some of the most important clues
about the past environment may be obtained through studying
community structures of bioindicator organisms. These groups of
organisms respond quickly to the changes in their environment,
thus indicating the environmental condition of their habitat.
Among the most widely used environmental indicators are
diatoms (Bacillariophyta) because of their sensitivity to a
variety of ecological conditions and their high abundance in
aquatic ecosystems with usually well-preserved valves in the
sediments (Reid et al., 1995; Smol and Douglas, 1996; Lobo
et al., 2016).

The investigation of diatoms in the sediments has largely relied
onmorphological identifications of their remains. The integrity of
diatom records in the sediments is a main concern if the fossil
assemblages are used to infer paleo-environmental conditions
(Flower and Ryves, 2009). After the completion of the diatom’s
life cycle, the remaining valves are subject to a variety of
taphonomic processes that may modify the fossil archive in
the sediments. Some of the important factors affecting diatom
preservation are pH and salinity of the environment, as well as
sedimentation rate (Flower, 1993; Ryves et al., 2006). One of the
hot spots for paleo-environmental studies—besides polar
regions—is the Tibetan Plateau, which harbors many lakes
that are characterized by saline, high pH waters (Mianping,
1997). Although the increased salinity and pH potentially
favors diatom valve dissolution in the lake sediments (Flower,
1993; Ryves et al., 2001; Ryves et al., 2006), several studies have
used diatom fossil assemblages from Tibetan lake sediment cores
to infer paleo-environmental conditions (e.g., Wang et al., 2011;
Kasper et al., 2013; Laug et al., 2021). Diatom dissolution indices
(such as mentioned in Flower and Ryves, 2009) have rarely been
calculated to evaluate the integrity of diatom fossil records from
Tibetan lake sediment cores. However, the dissolution effect of
diatom valves seems to be evident as, for example, from Taro Co,
Laug et al. (2021) reported completely dissolved or very low
abundance of diatom records beyond core depth 110 cm
(>3,600 cal. year BP) with the increasing diatom concentrations
towards the upper core layers. From more saline lakes, Chen Co
and Nam Co, Wang et al. (2011) noted that the deeper sediment
layers, already beyond ~20 cm, were affected by diatom

dissolution. Therefore, deeper core layers were discarded from
the analyses and the temporal scale of the latter study could focus
only on the last two centuries. Similarly, working with the
sediment core from Nam Co, Kasper et al. (2013) reported
poor preservation of diatom valves, already starting from the
5th cm of the core. Therefore, the preservation of diatom valves
may largely shape the conclusions made based only on their fossil
records (Flower and Ryves, 2009; Smol and Stoermer, 2010).

With the rapid development of high-throughput DNA
sequencing technologies, since the beginning of the 21st
century, there has been increasing interest in DNA-based
methods in paleolimnology (Domaizon et al., 2017; Capo
et al., 2021). These methods have made it possible to trace the
historical changes of even non-fossilized organisms (Li et al.,
2016; Stivrins et al., 2018; Liu et al., 2021; Talas et al., 2021).
Studies comparing the recovered diatom community
compositions from the top lake sediment layers have reported
highly correlating results between morphological and DNA-
based identification (i.e., metabarcoding) data sets (Dulias
et al., 2017; Piredda et al., 2017; Stoof-Leichsenring et al.,
2020; Kang et al., 2021). This suggests that sedimentary
ancient DNA (sedaDNA) analyses could serve as a
complementary tool to investigate the past diatom community
structures from the sediment cores when the fossil preservation
could be an issue. However, the molecular methods applied to
modern sediments (top sediment layer) cannot be
straightforwardly used for analyzing older sediment layers to
capture informative DNA fragments from sedimentary ancient
DNA (sedaDNA). The DNA in older sediment deposits is often
too fragmented to amplify >300 bp regions of the rbcL gene, a
standard genetic marker in diatom metabarcoding studies
(Vasselon et al., 2017; Kelly et al., 2020). Therefore,
researchers have developed DNA primers to amplify short
(<100 bp), taxonomically informative fragments of the rbcL
gene to track the diatom community changes in sediment
cores (Stoof-Leichsenring et al., 2012). That first diatom
sedaDNA study by Stoof-Leichsenring et al. (2012) also
demonstrated that the results from morphological and
DNA-based diatom identification methods were well
correlated. Subsequent studies applied the same DNA
markers for diatom sedaDNA analyses and reported results
concordant with those from microscopic analyses of diatom
valves (Epp et al., 2015; Stoof-Leichsenring et al., 2020), as well
as the potential of DNA-based methods to reveal higher
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taxonomic resolution (Stoof-Leichsenring et al., 2014; Stoof-
Leichsenring et al., 2020).

Previous studies comparing the morphology and DNA-based
methods for diatom identifications have worked with sediment
cores from freshwater systems where the preservation of valves as
well as DNA is expected to be favorable. A recent study about
plant DNA preservation in the sediments suggested that lakes
with pH 7–9 and conductivities with 100–500 μS/cm may have
better preservation of sedimentary DNA compared to lakes with
higher or lower values of latter measures (Jia et al., 2021).
However, sedimentary DNA studies to identify diatom (Kang
et al., 2021) and ostracod (Echeverría-Galindo et al., 2021)
communities indicated the potential of DNA metabarcoding in
the environmental settings of the lake Nam Co with conductivity
>1,400 μS/cm and pH ~9. Although the overall diatom
community patterns matched well between morphological and
DNA-based identification methods in the study by Kang et al.
(2021), it also indicated that the diatom species with fragile valves
may be missed via microscopical analyses due to the dissolution
effect. Here, we aim to further investigate the consistency of
diatom communities identified via microscopy and DNA
analyses by examining a sediment core from a brackish, high
pH Tibetan lake, Nam Co.

METHODS

Sampling
On September 1, 2019, a 107-cm-long sediment core was taken
from the eastern part of lake Nam Co (30.812°N 90.992°E, altitude
4623 m asl; Figure 1) at a water depth of 27 m with a UWITEC

piston corer. Nam Co is a brackish lake (2 g/L) with an average
conductivity of 1447 μS/cm and pH of 9.1 (measured in
September 2019). After retrieving, the sediment core was
stored in the dark at ~10°C for a few days. The core was cut
lengthwise at the Lhasa campus of the Institute of Tibetan Plateau
Research (ITP), Chinese Academy of Sciences (CAS). The split
core was transported to the laboratory of the Beijing campus of
the ITP and stored at 4°C for subsequent analyses (beginning of
October 2019).

Geochemical Analysis and Dating
One-half of the core was subjected to x-ray fluorescence (XRF)
analyses with the ITRAX XRF core scanner at ITP, Beijing. The
scanner was equipped with a molybdenum (Mo) tube as an
energy source, with a voltage of 30 kV, a current of 50 mA,
and an exposure time of 10 s. Elements, such as silicon (Si),
sulfur (S), potassium (K), calcium (Ca), titanium (Ti), chromium
(Cr), manganese (Mn), iron (Fe), nickel (Ni), zinc (Zn), rubidium
(Rb), strontium (Sr), and zirconium (Zr) were analyzed as relative
abundance at a 0.1-mm resolution. The scanning results are
presented as counts per second (cps; Supplementary Table
S1). Total organic carbon was determined by loss on ignition
(LOI%) measured at the ISE-CNR Institute of Ecosystem Study,
Italy (Heiri et al., 2001). After XRF scanning, the same core half
was sub-sectioned at 0.5-cm intervals and subjected to freeze-
drying. A total of nine sub-sections with bulk organic material
(Supplementary Table S2) were dated by accelerator mass
spectrometry radiocarbon dating (14C-AMS) at Beta Analytic
Inc., Miami, United States. Samples from the upper 20 cm were
subjected to 210Pb and 137Cs measurements with a gamma
spectrometer (GCW3023, Canberra-Meriden, Meriden,

FIGURE 1 | Lake Nam Co and its catchment (A), with its location on the Tibetan Plateau (B).
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Connecticut, United States) at ITP-CAS for detecting the year
1950—a representative year of standard radiocarbon activities
before the influence of nuclear weapon tests (van der Plicht and
Hogg, 2006). All ages were calibrated to 2 sigma weighted mean
ages using the IntCal 20 (Northern Hemisphere) data set (Reimer
et al., 2020). The calibrated age-depth model was built using the
Bacon’s R algorithm (Blaauw and Christen, 2011). According to
the age model (Supplementary Figure S1), the core depth of
9.5 cm corresponds to year 1950 CE. All ages are expressed in
calendar years of the Common Era (CE), representing the
weighted mean age of the core layer (Supplementary Table
S2). The samples from this core half were also used for
morphological identification of diatom valves.

Morphological Identification of Diatom
Valves
Morphological identification of diatom valves followed the
procedures specified in Kang et al. (2021). Specifically, 0.1 g of
freeze-dried sediments per sample was treated with 10%
hydrochloric acid (HCl) and 30% hydrogen peroxide (H2O2)
in tubes placed in a water bath at 80°C for 2–3 h to remove
carbonates and organic matter. After fixing the samples to
microscope slides, at least 400 valves were identified using a
light optical microscope (Leica DM6B, magnification ×1,000).
Additionally, scanning electron microscope images were taken
using a Zeiss MERLIN instrument to aid with the identification.
The morphological identification of diatoms was mainly based on
general floras, such as Lange-Bertalot et al. (2017), the Diatoms of
North America website (https://diatoms.org/), and Morales and
Edlund (2003) for fragilarioid species. A total of 49 samples (up to
51 cm core depth) were examined. The sample layers from the top
of the core (0–13 cm depth) were examined with 0.5-cm
resolution, and all others were examined with 1-cm resolution
(Supplementary Table S3). A total of 135 diatom morphospecies
were identified from those samples (Supplementary Table S3).

DNA Extraction
The second half of the core was dedicated to sedaDNA analyses.
Samples for DNA extractions were taken after every centimeter
along the core with a spatula (head size of 0.45 cm) by first
removing the top ca. 5-mm layer with a separate spatula (head
size of 1 cm). Spatulas were sterilized in 5% bleach, followed by
washing in ethanol and removing the remaining ethanol over the
flames of the spirit burner after each sample processing. Two
replicate samples per 1-cm layer were taken for DNA extraction.
Each sample consisted of ~0.5 g of sediments (wet weight).
Uncapped PowerBead Tubes under a clean bench, where the
DNA extraction work was simultaneously performed, were used
as negative controls for DNA extraction (total = 6 negative DNA
extraction controls). DNA was extracted using the DNeasy
PowerSoil Kit (Qiagen, Germany). The first step of DNA
extraction included incubating samples in PowerBead Tubes
with 60 μl of solution C1 (PowerSoil Kit solution), 4 μl of
proteinase K, and 25 μl of dithiothreitol (DTT) for about 10 h
at 56°C. After incubation, samples were processed using a
FastPrep-24 homogenizer for 40 s. The final DNA elution step

was performed twice by first adding 35 μl of elution buffer to the
center of the spin filter membrane, incubating samples at room
temperature for 3 min followed by centrifuging at 10,400 rpm for
30 s; then, this step was repeated (total volume of 70 μl of elution
buffer passed through a filter membrane per sample). Other steps
followed the manufacturer’s instructions. Two replicate DNA
extractions per sample were pooled and DNA concentration was
measured using Qubit dsDNA High-Sensitivity Assay Kit
(Invitrogen). Samples were stored at −80°C until further
processing. DNA extraction was performed under a dedicated
clean bench that was cleaned with 5% bleach and UV sterilized
before and after work.

Primers for Polymerase Chain Reaction
Primers to amplify short rbcL gene fragments for diatom
identification purposes from sedaDNA samples have been
designed in an earlier study by Stoof-Leichsenring et al.
(2012). To check the potential suitability of these primers on
our study system (lake Nam Co), the in silico amplification
success of them against the diatom amplicon sequence
variants (ASVs) data set from lake Nam Co (Kang et al.,
2021) and against a specialized reference sequence database
for diatoms [R-syst v7.2 (Rimet et al., 2016)] was tested. For
that, PrimerMiner v0.21 (Elbrecht and Leese, 2017) with default
primer scoring parameters was used. To generate a primer
evaluation database for PrimerMiner, diatom ASVs from Kang
et al. (2021) were clustered with a 97% sequence similarity
threshold [vsearch cluster_fast (Rognes et al., 2016)].
Sequences from the R-syst database were dereplicated
[uniqe.seqs using mothur (Schloss et al., 2009)] and reads
lacking either forward or reverse primer binding sites (target
~80 bp) were excluded (Supplementary Table S4). Both
databases were aligned with MAFFT v7 (Katoh et al., 2019)
using default settings. Primers from Stoof-Leichsenring et al.
(2012) demonstrated in silico amplification success only up to
75.1% and 56.4% of reads from diatom ASVs (Kang et al., 2021)
and R-syst database, respectively (Supplementary File S1);
therefore, these primers were modified to potentially amplify a
wider range of diatoms. Primer modifications were manually
made based on the above specified database alignments,
visualized in Seaview (Gouy et al., 2010). Best-performing
modified primers were Diat_rbcL_709F (5′-GGT GAA RYT
AAA GGT TCW TAC TTD AA-3′) and Diat_rbcL_808Rd
(3′-GTR TAA CCY AWW ACT AAR TCR ATC AT-5′) that
demonstrated in silico amplification success of 99.2% and 98.7%
of reads from diatom ASVs (Kang et al., 2021) and R-syst
database, respectively (details in Supplementary File S1). Bold
characters in the primer sequences denote bases modified in
comparison with Stoof-Leichsenring et al. (2012) primers
Diat_rbcL_708F and Diat_rbcL-808R.

Amplification and Sequencing
Sample preparations for PCR were performed under a dedicated
clean bench that was cleaned with 5% bleach and UV sterilized
before and after work. Short, 73-bp rbcL fragments (excluding
primers) from the sediment core samples were amplified using
herein designed primers Diat_rbcL_709F (5′-GGT GAA RYT
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AAA GGT TCW TAC TTD AA-3′) and Diat_rbcL_808Rd (3′-
GTR TAA CCY AWW ACT AAR TCR ATC AT-5’;
Supplementary File S1). Primers were indexed with 8-bp
unique identifiers and 0- to 4-bp heterogeneity spacers.
Combinatorial indexing was used where several unused
combinations served as tag-switching controls (Taberlet et al.,
2018). Total volume of 50 µl of PCR mix per sample consisted of
10 µl of Hot Start FirePol Master Mix (Solis BioDyne, Estonia),
1 μl of forward and reverse primer (10 μM), and a template DNA
concentration of 4 ng/ml. The rest of the volume was filled with
nuclease-free water. Samples without any template DNA were
used as negative controls for PCR (total = 7 negative PCR
controls). PCR conditions included initial activation at 95°C
for 15 min followed by 50 cycles at 98°C for 20 s, 54°C for
45 s, 72°C for 1 min, and final extension at 72°C for 5 min.
Two uniquely indexed replicate PCRs were made per sample
and their success checked during gel electrophoresis by pipetting
5 μl of PCR product on 1% agarose gel. All PCR products were
purified using the MinElute PCR Purification Kit (Qiagen,
Germany), following the manufacturer’s protocol. Samples
were pooled in equimolar concentrations for sequencing.
Sequencing was performed with an Illumina NextSeq 550
System, using the high-output kit to generate 2 × 150 bp
paired-end reads. Raw sequencing data have been deposited in
the Sequence Read Archive (SRA) under BioProject
PRJNA781478.

Sequencing Data Processing
Raw paired-end sequences were processed using the PipeCraft
(Anslan et al., 2017), version 2.0 (release 0.1.0; https://pipecraft2-
manual.readthedocs.io/en/stable/), which incorporates the
following tools in a graphical user interface platform. Since the
sequence orientation in raw data is mixed (5′-3′ and 3′-5′
oriented reads), the paired-end reads were first reoriented to
5′-3′ based on PCR primer strings (by allowing 2 mismatches).
Primers were then clipped from the reoriented amplicons using
cutadapt v3.2 (Martin, 2011). Amplicon sequence variants
(ASVs) were generated using the DADA2 pipeline (Callahan
et al., 2016) with quality filtering options of maxN = 0, maxEE = 2,
truncQ = 2 and minLen = 45. Putative chimeras were removed
with the “consensus” option in the DADA2 pipeline. The blastn
algorithm (Camacho et al., 2009) was used to assign taxonomy to
the ASVs using diatom specific R-syst v7.2 (Rimet et al., 2016)
and additionally general EMBL v143 (Kanz et al., 2005) as
reference databases.

ASV Table Curation
Potential tag-switching errors were corrected using the unused index
combination controls (at PCR step) based on the relative abundances
of sequences in these control samples (Taberlet et al., 2018).
Specifically, if a relative sequence abundance in the ASV table
was lower than 8E-05, then this low occurrence ASV record in a
sample was considered as an artifact and therefore discarded. This
procedure removed a total of 0.035% of sequences. After this
correction, no sequences remained in the negative controls (DNA
extraction and PCR negative controls), indicating no obvious
contamination. Furthermore, to exclude potentially non-target

taxa (non-diatom ASVs), only ASVs that demonstrated a blastn
match coverage and identity of ≥90% against a reference diatom
sequence were considered as diatom ASVs and retained in the data
set. This procedure removed 86 ASVs and kept 360 diatom ASVs.
The total proportion of sequences from non-diatom ASVs
accounted for 10.1%. Three most abundant non-diatom ASVs
were identified as unicellular eukaryotic algae from Eustigmatales
(likelyNannochloropsis sp.) that accounted for 94.4%of reads among
all non-diatom ASVs. PCR and sequencing replicates per sample
were pooled (because replicates demonstrated significantly high
correlations, Mantel R = 0.776, p < 0.001) and the data set was
rarified to an equal depth of 30,979 sequences per sample using
vegan v2.5.7 (Oksanen et al., 2020) package in R (R-Core-Team,
2021). Rarefaction curves are presented in Supplementary Figure
S1. The rarefied sedaDNA data set corresponding to the sediment
core layers (samples) where diatom valves were morphologically
identified (36 samples from the sediment core up to 51 cm depth)
consisted of 357 diatom ASVs.

Taxonomy curation of the diatom ASVs for genus and family
levels followed the blastn identity percentage thresholds of ≥98%
and 96%–98% against a reference sequence in the databases,
respectively. Other diatom ASVs with identity percentage
thresholds of 90%–94% and 94%–96% remained to phylum
and class level, respectively. Higher-level taxonomic (above
genus) classifications of the diatom genera followed the
classifications in AlgaeBase (Guiry et al., 2014). Final
sedaDNA diatom ASV table used for the analyses is presented
in Supplementary Table S5.

Statistics
SedaDNA samples were taken by sampling the core layers in 1-
cm intervals (1 cm resolution), but for the morphological
identification, the top 13 cm of the core was examined with
0.5 cm resolution (i.e., 2 samples examined, and 800 valves
identified per 1-cm layer). From the following layers, 400
valves were identified per sample (Supplementary Table S3).
To form a 1-cm-resolution diatom valve data set, 0.5-cm-
resolution samples were merged and then subjected to
repeated sampling procedure (rarefaction) to a depth of 400
valve counts per sample using the “phyloseq” v1.34.0
(McMurdie and Holmes, 2013) package in R (rarefaction
curves in Supplementary Figure S2). The rarefied valve data
set [400 valves per 1-cm core layer (i.e., sample); 103 diatom
morphospecies; Supplementary Table S3] and sedaDNA data set
(30,979 reads per sample; 357 diatom ASVs; Supplementary
Table S5) were subjected to the following statistical analyses (36
corresponding samples from both data sets).

Distance-based redundancy analysis (dbRDA) was conducted in
R using the “vegan” v2.5.7 package. Environmental variables included
log-transformed data from XRF scanning, Ti, Ca, Ni, Ca, and Zr/Rb
ratio as grain size proxy and Sr/Ca ratio as salinity proxy. The latter
variables represent a set of pre-selected non-highly correlating
variables as based on the Spearman correlation test. Variable
correlation plot was conducted using “corrplot” v0.88 (method =
“spear”; Wei et al., 2017; Supplementary Figure S2). Additionally,
LOI% (log-transformed) and reconstructed temperature data were
used as predictor variables in the analyses. The temperature data
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between 1000 and 1980 CE included the reconstructed Northern
Hemisphere (NH) mean surface temperature anomaly from Mann
and Jones (2003). Because of the relatively short time regional
temperature data recordings, the global mean temperature change
after 1980 was integrated with NH mean surface temperature
anomaly using linear interpolation in order to extend the time
series for the whole time period of the sediment core (Collins
et al., 2013). Temperature anomaly data per sediment sample
correspond to the top of the layer age (Supplementary Table S1).

The correlation between diatom valves and sedaDNA dbRDA
ordinations was assessed with Procrustes analysis (with 9999
permutations) using the “vegan” package in R. Environmental
vectors were fitted onto ordinations using envfit function (with
9,999 permutations) as implemented in the “vegan” package.
Distance-based linear models (DistLM; 9,999 permutations, AICc
selection criterion) with backward selection procedure were used
(in PRIMER v6; Clarke and Gorley, 2006) to detect
environmental variables that best explain the variations in
diatom community structures. Constrained hierarchical
clustering was performed using the rioja v0.9-26 package in R
(method = “coniss”; Juggins, 2020). Additionally, multivariate
regression tree (MRT) analysis was used [mvpart v1.6-2 package
(De'ath, 2014) in R] to identify major breakpoints in the diatom
community time series [1,000 cross-validated trees, selection of
tree with one standard error (1se) cross-validation]. Analysis of
Similarities (ANOSIM as implemented in the “vegan” package;
9,999 permutations) was used to test if diatom communities are
significantly different between samples grouped by MRT
breaking points. SIMPER analysis (in PRIMER v6) was used
to detect which morphospecies/ASVs have the greatest impact on
the dissimilarity between groups detected by MRT. Bray–Curtis
distance matrices of Hellinger-transformed data served as inputs
for all community analyses.

Multiple linear regressions (MLR) with forward stepwise
model building were performed for detecting the drivers in
diatom richness in both data sets, valves and sedaDNA, using
STATISTICA software v7 (StatSoft I, 2004). Dependent variables
for the diatom valve data set included log-transformed effective
number of morphospecies (valve data) and ASVs (sedaDNA
data). Effective numbers of morphospecies/ASVs (Hill
numbers) were calculated following guidelines by Alberdi and
Gilbert (2019) setting parameter q to 1 (morphospecies/ASVs are
weighted by their frequency, without disproportionately favoring
either rare or abundant ones). Hill numbers may limit the impact
of potentially erroneous ASVs and allow adjusting the weight of
common and rare molecular units; thus, they are suggested to be
used as biodiversity measures for environmental DNA data
(Chen and Ficetola, 2020). Environmental variables for MLR
were the same as noted above.

RESULTS

Diatom Community Correlations Between
Valves and SedaDNA Data
The comparison of consistency in recovered diatom communities
with valves and sedaDNA data using Procrustes test revealed a

significant correlation between the community structures
(dbRDA ordinations; Procrustes correlation = 0.717, p < 0.001;
Figure 2). For the valve data set, the model chosen by the DistLM
analyses identified temperature, grain size proxy (Zr/Rb), Ti, and
LOI (order of importance; Supplementary Table S6) as the most
important variables explaining the variation in diatom
community composition (model R2 = 0.480). For the
corresponding samples in sedaDNA data, the DistLM model
included temperature, grain size proxy (Zr/Rb), and Ni (R2 =
0.276). Constrained hierarchical clustering (CONISS) revealed
highly correlating discontinuities of diatom communities
between valves and sedaDNA data sets (Figure 3).
Multivariate regression trees (MRT) separated diatom
communities into two groups (based on temperature data) by
indicating abrupt diatom community changes after ~1950 CE in
both data sets (cross-validation error = 0.817 and 1.02 for valves
and sedaDNA, respectively). ANOSIM analyses based on the
MRT grouping revealed significant differences between those two
groups in both data sets (ANOSIM R = 0.823, p < 0.001 and R =
0.463, p < 0.001 for valve and sedaDNA data sets, respectively).
Samples from the upper core layers (~1955–2019 CE)
demonstrated an eminent increase of Pseudostaurosira
polonica and decrease of Amphora pediculus + indistincta
(represents the merged morphospecies of A. pediculus and A.
indistincta) in the valve data set (Figure 4A). Correspondingly,
for the same sample sets in the sedaDNA data, a notable increase
of Pseudostaurosira and decrease of Amphora was observed
(Figure 4B). These taxa were the most dominant ones in both
data sets (in terms of number of valves and sequences). The
counted number of valves and number of sequences per sample of
these dominant taxa demonstrated significant correlations (n =
36, Spearman R = 0.612, p < 0.001 and Spearman R = 0.404, p =
0.015 for Amphora and Pseudostaurosira, respectively;
Supplementary Figure S4). SIMPER analysis revealed that
species of Pseudostaurosira and Amphora posed the greatest
contribution to the dissimilarity between both diatom
community groups established by MRT (Supplementary
Table S6).

Diatom Richness in Valves vs. SedaDNA
Data
The rarefaction curves demonstrated that the number of
sequences per sample in relation to the detected number of
ASVs reached a plateau, thus indicating a sufficient
sequencing depth (Supplementary Figure S2). However, the
number of identified morphospecies at the valves count cutoff
level of 400 still exhibited continuous increase of the rarefaction
curve (Supplementary Figure S2). This suggests that increasing
the number of diatom valves per sample potentially results in a
higher number of identified morphospecies. Nevertheless, there
was a significant (but moderate) correlation between the effective
number (q1) of diatom morphospecies detected and ASVs per
sample (Spearman R = 0.495, p = 0.002). Interestingly, the
effective number of both the morphospecies and ASVs showed
a decline towards the upper core layers (n = 36, Spearman R =
−0.394, p = 0.017 and Spearman R = −0.689, p < 0.001,
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respectively; Figure 5). The drop in diatom richness was
especially notable from the breaking point detected by MRT
(after ~1950 CE; Figure 5). Themost significant variable affecting
the diatom richness as based on multiple linear regression (MLR)
analyses was the grain size proxy (Zr/Rb) in both data sets (model
F1,34 = 21.687, R2adj = 0.371, p < 0.001 and F1,34 = 37.746, R2adj =
0.512, p < 0.001, for valves and sedaDNA data, respectively). The
grain size proxy moderately (but significantly; Spearman R =
0.629, p < 0.001) correlates with the temperature data. Therefore,
simple regression analyses also demonstrated a relatively strong
and significant effect of temperature (F1,34 = 5.865, R2adj = 0.147,
p = 0.021 and F1,34 = 23.192, R2adj = 0.388, p < 0.001; for
morphospecies and ASV richness, respectively). The salinity
proxy was a marginally “non-significant” predictor for ASV
richness (F1,34 = 4.005, R2adj = 0.105, p = 0.053), whereas it had
a negligible effect on richness in the valve data (F1,34 = 0.434, R2adj
= 0.013, p = 0.515). However, simple regression analysis detected
the significant effect of nickel (Ni) in the morphospecies richness
data (F1,34 = 6.721, R2adj = 0.140, p = 0.014).

Taxonomic Composition
The taxonomic composition between data sets was compared
merging the morphospecies and ASVs to the genus level (merging
taxa from the same genus using the phyloseq package in R). Via
microscopy, 48 diatom genera were identified, while sedaDNA
data harbored ASVs from 37 genera (Figure 6). However, the
classification of 50.3% of ASVs remained at higher taxonomic
levels due to low thresholds (see Methods, ASV table curation)
against reference sequences. Clustering those 180 ASVs
(unclassified to genus level) at a relaxed threshold of 94%

sequence similarity (using vsearch --cluster_size, --iddef 2)
resulted in 54 clusters. This suggests that sedaDNA captured a
much higher diversity of diatoms, of which many taxa, however,
remained unclassified to lower taxonomic levels because of the
missing reference sequences.

The most abundant morphologically identified genera that
were missing from the sedaDNA data set were Karayevia (total of
1263 counted valves) and Cocconeis (228 valves). Other 18 genera
in valve data that were not represented in sedaDNA data were
much less abundant, with an average of ≤3 valves counted per
sample (Figure 6). Most abundant genus level taxa detected with
sedaDNA that were absent from the valve data set were
Scoliopleura (total of 7,813 reads) and Iconella (4,658 reads).
These taxa had an average read count of >245 per sample.
Amphipleura (in 3 samples), Gedaniella (in 9 samples), and
Fragilaria (in 3 samples) in the sedaDNA data, but missing
from the valve data, were represented with an average of >46
reads per sample.

DISCUSSION

Here, we compared the diatom community structures from sediment
deposits, ranging over the last millennia, recovered viamorphological
and sedaDNA analyses from a brackish, high-pH Tibetan lake. Most
dominant taxa (Amphora and Pseudostaurosira) were well
represented in both data sets and demonstrated similar changes
across the samples. The diatom assemblages as well as richness of
morphospecies and ASVs demonstrated correlating patterns with
largely concordant responses to the predictor variables.

FIGURE 2 | Procrustes test plot demonstrating the dbRDA ordination correlations between diatom communities recovered in valves (gray circles) and sedaDNA
(black circles) data. The gray dashed lines point to the configuration in valve data ordination. Dark gray numbers (from 1070 to 2019) denote sample names, which
correspond to the sediment layer date [year CE, weighted mean age of the core layer (Supplementary Table S2)]. Vectors on the plot denote environmental variables
fitted on the graph with enfit function (red: vectors for valve data, blue: vectors for sedaDNA data; # in the vector name denotes non-significance as based on envfit
results).
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Like in many alpine ecosystems across the globe, increases in
air temperature have been registered on the Tibetan Plateau,
especially after the 1960s (Wang et al., 2008; Guo and Wang,
2012). Consequently, the water temperature of the lakes has also
increased (Wan et al., 2018), including the water temperature in
our study lake, NamCo (Huang et al., 2017). Along with NamCo,
the warming-induced changes have led to the surface area
expansion of many lakes on the Tibetan Plateau (Liao et al.,
2013; Anslan et al., 2020), with potential changes in other lake
properties. The temperature reconstruction data used herein
suggests a trend of a relatively strong temperature increase
from the beginning of the 20th century (Figure 3C). This shift
in the temperature may be the cause of past and ongoing changes
in lake properties that affect the diatom communities (Rühland
et al., 2015). Accordingly, the most important predictor variable
in our data set was temperature, which explained the largest
amount of variance in diatom community composition
(Supplementary Table S6). From both data sets (valves and
sedaDNA), a significant breaking point for diatom community
composition was identified after ~1950 CE (Figure 3).
Subsequent to this breaking point, a notable drop in richness
was observed, for both effective number of morphospecies and
ASVs (Figure 5). Although the most significant variable
predicting diatom richness was the grain size proxy (Zr/Rb), it

is important to highlight that this variable significantly correlates
with temperature. Coarser grain size with an increase in silt and
sand are reflected by higher Zr/Rb ratios (Dypvik and Harris,
2001; Chen et al., 2006; Wang et al., 2015), suggesting an increase
in precipitation and meltwater (due to higher temperatures). This
enhances erosion from the catchment of Nam Co and,
consequently, the transport of this material into the lake
(Schütt et al., 2010). Thus, one of the factors possibly
contributing to the decreases in diatom richness is the
increased water turbidity (Vorobyeva et al., 2015). The decline
in diatom species richness towards the recent century has also
been found in other studies (Sorvari et al., 2002; Vorobyeva et al.,
2015), with shifts in community composition around the decade
of the 1960s (Yan et al., 2018). That this same pattern is
reproducibly encountered in our valves and sedaDNA data
sets demonstrates that both methods were able to recover
major signals in the temporal dynamics of the diatom
communities.

Although the general community and richness patterns
matched well, there were substantial taxonomic mismatches
between our valves and sedaDNA data sets (i.e., some taxa
were found only via microscopy, but not in sedaDNA data,
and vice versa; Figure 6). This was expected as the reference
sequence libraries are far from being complete for diatoms (Stoof-

FIGURE 3 | Constrained hierarchical clustering for valves (A) and sedaDNA (B) data. Numbers at the branch tips represent years (CE), weighted mean ages of the
analyzed core layers (Supplementary Table S2). Branches in red and black denote the two groups identified by the multivariate regression tree (MRT) analyses. Panel
(C) represents a scatter plot for the reconstructed temperature records (Mann and Jones, 2003; Collins et al., 2013; seeMethods) per sample (i.e., year CE) where the
red line between 1949 and 1955 denotes the breaking point detected by MRT analysis.
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Leichsenring et al., 2014; Rivera et al., 2018; Kang et al., 2021).
About 50% of ASVs in the sedaDNA data set remained
unclassified to lower taxonomic levels, such as genus or
species. Therefore, several genera were present in the valve
data but were missing from the sedaDNA data (such as
Karayevia, Cocconeis, and Platessa; Figure 6). Due to the lack
of reference sequences for Karayevia, ASVs could not be assigned
to the latter genus; thus, they are possibly represented in the
sedaDNA data as unclassified genus. Several reference sequences
are available for Cocconeis, but some ASVs demonstrated a
sequence identity match of 95.9%–97.3%. According to the
taxonomy annotation criterion used herein (≥98% for genus
level), these ASVs were assigned to only family level
(Cocconeidaceae). However, the boundaries between inter- and
intrageneric divergence of the short rbcL marker for diatoms are
not clear. Therefore, these ASVs demonstrating <98% similarity
against available Cocconeis reference sequences could possibly
represent the latter genus. An additional factor affecting the
potential absence of Cocconeis from sedaDNA data is the
presence of two mismatches within the used forward primer.
Mismatches at the positions 9 (T-A) and 21 (C-T) of the primer
sequence are likely not too critical, but we cannot exclude the
possibility that these have hampered the amplification success of

DNA fragments from Cocconeis. Other “missing” genera from the
sedaDNA data set were represented in very few numbers of
counted valves in the latter data set. Rare taxa may be often
missed with DNA metabarcoding (Kermarrec et al., 2013; Kang
et al., 2021; possible reasons explained within). However, the
potential taxonomic mismatches between data sets may also
result from inter-investigator variation depending on changes
in diatom taxonomy and the use of synonymous names (Kang
et al., 2021). For example, the basionyms ofCavinula lapidosa and
C. pseudoscutiformis identified via microscopy in our study
correspond to Navicula species. Currently, there are no
reference rbcL sequences for Cavinula; thus, none of the ASVs
could be annotated to the latter genus, whereas many ASVs
corresponded to Navicula sp. Therefore, it is possible that some
ASVs assigned to Navicula correspond to Cavinula in the valve
data set, because the use of synonyms (and misidentified taxa) is
not uncommon in the public databases (Fort et al., 2021). Despite
the gaps in the reference databases, the sedaDNA data set
contained a much higher diversity of diatoms. Clustering the
ASVs that remained unclassified to the genus level (at 94%
sequence similarity threshold) formed more than 50 diatom
genetic lineages, which already exceeds the total number of
genera identified via microscopy. Although 94% sequence

FIGURE 4 | Diatom genus level bar plots for relative abundance of valves ((A), valve data) and reads ((B), sedaDNA data). The first column includes samples from
the upper 10 cm of the core (n = 10; ~1955–2019 CE) and the second column includes samples from the following layers until 51 cm depth (n = 26; ~1070–1949 CE).
This separation represents the breaking point detected by multivariate regression trees from both data sets. Most notable changes are in relative abundances of
Amphora and Pseudostaurosira.
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similarity threshold might not always correspond to intergeneric
divergence of diatoms in this short rbcL fragment, based on the
examination of the 10 best blastn hits for the ASVs, this threshold
indeed often separated diatom ASV from different genera.
Notably, the valve data set completely lacked species from the
family Fragilariaceae, whereas five ASVs with a total of more than
30,000 reads were present in the sedaDNA data set. Since delicate
taxa are more strongly subjected to dissolution compared to
heavily silicified ones (Smol and Stoermer, 2010), we
hypothesize that species from Fragilariaceae may be missed by
microscopy, rather than represent artificial ASVs in the sedaDNA
data. This hypothesis is somewhat supported by the fact that the
valves of Fragilaria are especially subject to dissolution (Barker
et al., 1994). Likewise, the genera Amphipleura and Entomoneis
have weakly silicified valves, thus also likely missing from the
valve data set because of the dissolution effect. It is noteworthy
that genusGedaniella (Fragilariaceae; found only in the sedaDNA
data set) was created based on molecular information (Li et al.,
2018; Morales et al., 2019). Because it was poorly defined in the
original study (Li et al., 2018), it is not considered as a valid genus
by diatomists working with morphological data, and species

attributed to Gedaniella are rather identified as
Pseudostaurosira or Sarcophagodes (Morales et al., 2019).
Interestingly, the most abundant genera (in terms of
sequences) that were absent in valve data, but detected via
sedaDNA, were Scoliopleura (Neidiaceae) and Iconella
(Surirellaceae; Figure 5). Species from these genera usually
have relatively heavily silicified and large valves. The
biovolume of the Iconella cell may be up to 1,000 times higher
compared with, for example, Karayevia or Cocconeis species.
Because the copy numbers of the rbcL gene can be highly
correlated with the biovolume of a diatom (Vasselon et al.,
2018), a relatively strong DNA “signal” in relation to the
abundance proportion may have been recorded. Therefore, it
is likely that Iconella and Scoliopleura are over-represented in the
sedaDNA data set but missed from the valve data set because their
valves had rare occurrences (as potential undersampling was
indicated by the rarefaction curves, Supplementary Figure
S2B). Here, compared with the conclusions based on
sedaDNA data, the absence of potentially dissolved or rare
species in the valve data set did not considerably alter the
results. Nevertheless, it is important to consider the integrity

FIGURE 5 | Effective number of morphospecies/ASVs per sample across the sediment core [represented as year (CE), weighted mean age of the core layer
(Supplementary Table S2)]. The red vertical line denotes the breaking point detected by multivariate regression trees (MRT; for community data). Curves across the
data points represent LOWESS fit.
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of fossil records when applying the microscopic approach (Smol
and Stoermer 2010).

Here, we report that the overall diatom richness and
community composition from the sediment core of the
brackish lake Nam Co, covering the last millennium, were
well correlated between valves and sedaDNA data sets.
Therefore, interpretations about the paleo-environmental
conditions (although not the scope of this study) would
likely produce concordant conclusions. Importantly, our
sediment core was taken from a relatively shallow part of
the lake (water depth 27 m) where we did not observe highly
critical diatom valve dissolution effects in our samples. On the
contrary, studies examining sediment cores from much deeper
parts of lake Nam Co (78 and 93 m; Wang et al., 2011; Kasper
et al., 2013) noted an issue about diatom valve dissolution.
Valve dissolution seems to be a greater concern in sediments
from deeper water depths (Flower, 1993); thus, it is likely that
microscopy and sedaDNA identification methods for diatoms
would produce different results as observed herein when
examining a core from a deeper part of the lake. The
sedaDNA-based work on deep saline or brackish lakes on
the Tibetan Plateau are currently scarce, but working with
the sediment core, taken from 38 m water depth at brackish
Tibetan lake, Dagze Co (pH 10.1), Liu et al. (2021) were able to
amplify and sequence multiple groups of aquatic eukaryotes.
Although it yet remains to be clarified, we therefore
hypothesize that the sedaDNA analyses would capture more
complete community structures of diatoms from the lake
sediments where the valve dissolution effect is severe.

As suggested by our results, sedaDNA metabarcoding
recovers a much higher diversity of diatoms, but many
ASVs could not be identified to lower taxonomic levels—a
limiting factor in cases when the identity of diatom species is

essential for interpreting the results. On the other hand,
classical microscopy may miss diatom taxa playing crucial
roles in the community, as the data may be affected by the low
integrity of the diatom fossil record. Although the salinity and
high pH of our study lake could promote the dissolution of
diatom valves, we found that this was not the major issue for
the sediment core taken from a relatively shallow part of the
lake (water depth 27 m). Clearly, there are trade-offs between
the identification methods; thus, choosing among them (when
both approaches are not feasible) largely depends on the
study aims.
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Impact of Regional Climate Change on
the Development of Lithium
Resources in Zabuye Salt Lake, Tibet
Tao Ding1, Mianping Zheng1,2*, Zhen Nie2*, Lichun Ma2, Chuanyong Ye2, Qian Wu2*,
Yuanyi Zhao2, Donghui Yang3 and Kai Wang4

1College of Geoscience and Surveying Engineering, China University of Mining and Technology (Beijing), Beijing, China, 2MNR
Key Laboratory of Saline Lake Resources and Environments, Institute of Mineral Resources, Chinese Academy of Geological
Sciences, Beijing, China, 3Hebei Earthquake Agency, The Central Station of Chengde Earthquake Observation and
Measurement, Chengde, China, 4School of Earth Science and Resources, China University of Geosciences, Beijing, China

Climate change has important implication for the ecological environment and human
social activities. The Qinghai-Tibet Plateau is a sensitive area for climate change, and
the lakes on the Qinghai-Tibet Plateau are known as the “guardians” of climate change.
However, there are few studies on the impact of climate variations on the exploitation of
lithium resources in salt lakes. In this work, the collected data from Zabuye Salt Lake
Observation Station and the experimental data of brine at different temperatures were
employed as the research objects to investigate the relationship between regional
climate change and lithium resources in salt lakes. The results indicated that Zabuye
Salt Lake had abundant solar energy resources from 1991 to 2020 with the annual
average sunshine duration of 3,122.4 h, the average annual evaporation of
2,579.07 mm/yr, and the annual average precipitation of 168.65 mm/yr. The
average annual evaporation is around 15.3 times the average annual precipitation,
owing to the short rainy season and the low rainfall. The phase diagram displayed that
two lithium carbonate precipitation peaks clearly appeared at 25°C, and no obvious
precipitation peak appeared at 15°C, indicating that a high-grade lithium carbonate
mixed salt was prone to be formed at a higher temperature while lithium ions was more
inclined to enrich in brine at a lower temperature. Therefore, Zabuye Salt Lake with the
characteristics of low temperature, large temperature difference, less precipitation,
strong radiation and large evaporation could be applied as unique lithium resources in
the salt gradient solar pond, which would play a positive role in the development of salt
lake resources.

Keywords: the Qinghai-Tibet Plateau, climate, phase diagram, salt lake, lithium extraction

1 INTRODUCTION

The global climate has changed significantly over the past 30 years, and such change would
continue over a period of time (Fischer et al., 2018; Janos et al., 2018; Bandh et al., 2021; Ye et al.,
2021). As one of the most climate-sensitive regions in the world, the Qinghai-Tibet Plateau
responds rapidly to climate changes (Zhao and Wu, 2019) owing to its high altitude (Liu et al.,
2021) and complex topography (Yao et al., 2009). Thus, the investigation of climate changes in
the Qinghai-Tibet Plateau has a certain instructive significance for the ecological environment
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and human social production. For instance, climate change
influenced the vegetation growth (Hopping et al., 2018; Guo
et al., 2019; Zhou et al., 2019), and intensified the glacial
ablation (Chen et al., 2013), and also switched the
hydrological elements such like runoffs (Guo et al., 2014).

At present, abundant researches have been conducted to
reveal the impact of climate change on human social
production and ecological environment development.
Gudmundsson et al. (2021) analyzed the low, average and
high river flows of 7,250 observation stations around the world
from 1971 to 2010. The time series from the analysis and
simulation models provided strong evidence that climate
change would affect global river flows. Landsat 4, 5
thematic and Landsat 7 enhanced mapper images were
applied in ArcGIS through the digital shoreline analysis
programme (Abija, 2021), indicating that the net coastline
retreat and erosion of 81,532 m, 17,519 m and 8,590 m for the
Bayelsa, Rivers and Akwa Ibom States, respectively, with the
erosion rates of 11.1 m/a, 7.2 m/a, and 5.5 m/a, respectively.
Based on the calculation results, it is recommended to
formulate conventional geological scientific monitoring and
climate change adaptation strategies to deal with the impact of
climate change on coastline erosion. P Kurukulasuriya and
Mendelsohn (2016) analyzed and predicted the impact of
climate change on European agriculture with climate, soil,
geography and regional socioeconomics as the single-factor
evaluation using continental-scale Ricardian and averaged
data from 41,030 farms in Western Europe. The results
showed that European farms is slightly more sensitive to
climate warming than the American farms. The
contribution of European farms on climate warming would
vary from +5 to −32% by 2100. Obviously, researchers have
carried out a lot of research on the impact of climate change on
agriculture, coastline erosion rate and ecological environment,
and the Qinghai-Tibet Plateau was pointed out to be more
sensitive to global climate change (Liu et al., 2015; Wang et al.,
2021).

The average altitude of the Qinghai-Tibet Plateau exceeds
4,000 m, known as the “roof of the world,” which has an
important impact on the climate, ecology and environment of
the surrounding areas (Yang et al., 2016). In the past
2,000 years, the temperature change on the Qinghai-Tibet
Plateau has shown a fluctuating upward trend. The average
warming rate has reached 0.3~0.4°C/10a in the past 50 years,
being the warmest period. Observation data from 98
meteorological stations in this region indicated that the
average temperature rise from 1982 to 2012 was as high as
1.9°C, twice the global average temperature rise (Chen et al.,
2014; Guo et al., 2018). A large number of lakes distributed on
the Qinghai-Tibet Plateau strongly respond to the evolution
of the warm and humid environment in the region, and reflect
the regional climate change law under natural conditions,
being a climate change-sensitive area (Wan et al., 2005; Zhang
et al., 2014; You et al., 2016). As the link connecting the
atmosphere, cryosphere, and hydrosphere, lakes are the
lowest point of the watershed and participate in the surface
water cycle through surface water accumulation and

evaporation, as well as groundwater collection/seepage
(You et al., 2016; Lang et al., 2018; Sharma et al., 2019).
Their physical, chemical and biological characteristics (ice
layer characteristics, surface water temperature, etc.) are
sensitive to changes in meteorological and hydrological
conditions (Magnuson et al., 2000; Duguay et al., 2006;
Austin and Colman, 2007), which can integrate cross-
landscape climate impacts and widely regarded as the
“sentinels” of climate change. The wide geographic
distribution of lakes provides the capability to detect and
monitor climate change on a regional, continental,
hemispheric and global scale (Li et al., 2013). The trend
analysis of the area change of the Hoh Xil Salt Lake was
carried out through the observation data of 28 meteorological
observation stations on the Qinghai-Tibet Plateau from 1989
to 2018, combined with the sensing image data gathered via
the Landsat thematic mapper (Hu et al., 2021). Single-factor
evaporation experiments revealed that an increase in
precipitation and a decrease in annual lake evaporation over
the past 30 years have resulted in an 18% increase in the total
lake area. Wang et al. (2019) analyzed single-factor climate
variables with the aid of the observational data from Zabuye Salt
Lake and Dangxiongcuo Salt Lake in Tibet, and found that the
lake water level increased by 0.032 m/yr from 2004 to 2014. It
was believed that the main reason for the rise of lake water level
was the effects of changes in seasonal climate and water supply
type. Li et al. (2019) focused on the impact of climate change on
lake areas and used Landsat long-term images to monitor the
spatial changes of lakes from 1977 to 2015. According to the
structural equation modeling with the human and natural
factors, it was found that the glacier area of the Qinghai-
Tibet Plateau decreased by 259.16 km2, while the total area
of salt lakes increased by 29.8% in the past 40 years. During the
period from 2000 to 2015, the expanding salt lakes submerged a
large number of road facilities, posing a threat to traffic
safety. This study provided a certain basis for formulating
lake protection policies and the ecological construction of
the Qinghai-Tibet Plateau. The above-mentioned studies

FIGURE 1 | The spatial distribution and topographic features of Zabuye
Salt Lake.
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indicated that the salt lakes on the Qinghai-Tibet Plateau
exhibited a variety of responses to climate change, and it is
of great scientific significance to observe the regional climate
changes in the salt lake region. However, there are few reports
on the impact of regional climate change on the development of
lithium resources in salt lakes.

In this work, the influence of climate change on lithium
mining in Zabuye Salt Lake in Tibet was investigated
according to the relationship of the climate observation
data and the Li+ concentration of the lake in the past
30 years. Combined with the control factors in the
production technology of lithium ore, the optimal
conditions were analyzed for the production of lithium ore
through a series of experiments, providing significant
technical support for the production of lithium ore from
Zabuye Salt Lake brine.

2 BACKGROUND, MATERIALS AND
METHODS

2.1 Research Region
Zabuye Salt Lake, a carbonate-type saline lake, is located in
Zhongba County, Ngari Prefecture, Tibet, with an arid plateau
climate. The lake covers an area of 247 km2, and is divided into
the northern part and the southern part (Figure 1). Zabuye Salt
Lake was formed in the later stage of salt lake evolution, and its
southern part has become a semi-dry salt lake with large
sedimentary deposit containing dominantly lithium,
potassium, boron, rubidium, cesium, bromine and other
mineral elements. Among them, the reserves of lithium, boron,
potassium and cesium have reached a super-high level, and the
reserves of lithium carbonate has reached 1.84 million tons.

2.2 Lithium Mining Process
The process of extracting lithium carmine in Zabuye Salt Lake is
generally divided into two steps, i.e. brine production and
crystallization. In the brine production stage, lithium is rapidly
enriched in salt fields to obtain a high-concentration lithium-

containing brine. The crystallization stage mainly adopts the salt
gradient solar pond technology (Ding et al., 2021), with the
production process shown in Figure 2. The salt gradient solar
pond consists of three functional regions. The uppermost region,
called the upper troposphere, is a layer of fresh water. The middle
region is called the concentration gradient layer, and the lowest
region is called the energy-storage layer. In the concentration
gradient layer, the specific gravity of the salt solution gradually
increases with the depth of the pond, so that there is no convective
movement in this layer. Therefore, the concentration gradient
layer acts to prevent the upward heat of the lower layer from
dissipating, so that the solar energy can be stored in the energy
storage area at the bottom of the pond. The brine could be heated
to 40~60°C in the solar pond for high-temperature crystallization,
in which the precipitation was promoted to produce lithium
carbonate with a grade of about 75%.

2.3 Data Sources and Methods
The data for the experiment was collected from the Zabuye
Continuous-observation Station, which was originally
established in 1980 on the Zabuye Island in the middle of
Zabuye Salt Lake, and later moved to the southern salt pan.
The altitude of the observation station is 4,422.8 m, and the
altitude of the sensing part of the barometer is about 4,423 m.
The instrument shelter and the anemometer are 1.5 and 5 m
from the ground, respectively. The station could record 11
items including air temperature and ground temperature, and
provide dry bulbs, wet bulbs, maximum, minimum and self-
recording thermometers in the instrument shelter. The daily
evaporation can be detected by a small evaporator (φ20 cm)
installed about 0.75 m from the ground. The precipitation can

FIGURE 2 | Processes of brine production and crystallization for lithium mining in Zabuye Salt Lake.

TABLE 1 | The main chemical composition of Zabuye salt lake brines (g/L).

Elements Li+ K+ Na+ SO4
2- CO3

2- Cl−

Spring Brine Concentration 1.17 48.1 122.5 13.1 33.6 181.3
Autumn Brine Concentration 1.05 40.9 129.6 38.6 44.2 156.2
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be measured with a rain gauge and a snow gauge. There are
automatic recording devices for detecting sunshine hours,
sunshine intensity and wind speed.

Inductively coupled plasma atomic emission spectrometry
(ICP-AES, Perkin-Elmer-7000DV, USA) was employed to
determine the concentrations of metal ions in the salt lake
brine. To investigate brine phase chemistry, isothermal
evaporation experiments on the brine of Zabuye Salt Lake
were carried out at temperatures of 15 and 25°C in May and

October, respectively. Table 1 for main chemical composition
of Zabuye salt lake brines details. The experiments were
carried out in a incubator with incandescent lamps as the
heat sources. The mercury contact thermometers were applied
to control the evaporation temperature (15 ± 1°C and 25 ± 1°C)
to analyze the enrichment of elements and the precipitation
characteristics of minerals during the brine evaporation
process.

FIGURE 3 | The annual temperature change of Zabuye Salt Lake from
1991 to 2020.

FIGURE 4 | The monthly temperature change of Zabuye Salt Lake from
2018 to 2020.

FIGURE 5 | Changes in annual precipitation and evaporation in Zabuye
Salt Lake from 1991 to 2020.

FIGURE 6 |Changes of monthly precipitation and evaporation in Zabuye
Salt Lake from 2018 to 2020.
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3 RESULTS AND DISCUSSION

3.1 Regional Climate Change
As can be seen from Figure 3, the annual average temperature of
Zabuye Salt Lake showed an upward trend from 1991 to 2020,
with the lowest annual average temperature of 1.3°C in 1992, and
the highest annual average temperature of 5.5°C in 2020. The
average heating rates reached 0.127°C/yr from 1991 to 2020,
0.051°C/yr from 1991 to 2000, and 0.178°C/yr from 2011 to 2020.
reached. The above results are consistent with the reported
studies (Chen et al., 2014; Guo et al., 2018; Ye et al., 2021), in
which the temperature of the Qinghai-Tibet Plateau was observed
to be rising and the heating rate in the past 10 years was much
higher than that in the period from 1991 to 2000. The months
with the monthly average temperature below zero are January,
February, March, November and December in Zabuye Salt Lake.
In rare cases, the average temperature in April may be lower than
0°C. The lowest temperature of each year generally appears in
January, and the highest temperature occurs in July or August, as
shown in Figure 4. The monthly average maximum temperature
was 22.8°C in August 2020 and the single-day maximum
temperature was 28.5°C on 28 August 1992.

Based on the monitoring data of precipitation and
evaporation shown in Figure 5, the average annual
evaporation of Zabuye Salt Lake from 1991 to 2020 was
2,579.07 mm/yr, and the average annual precipitation was
168.65 mm/yr. The average annual evaporation is 15.3 times
the average annual precipitation. It can be seen from Figure 6
that the precipitation months in Zabuye Salt Lake were
concentrated in the rainy season from early July to mid-
September. The precipitation during the rainy season
accounts for more than 90% of the total annual
precipitation. Therefore, the precipitation process of Zabuye
Salt Lake is dominated by rainfall, with less snow and hail. The

monthly variation in evaporation is similar to that of
temperature, with low points appearing in January,
February and December each year, and high points in June
and July. Despite of the high temperature, the evaporation
curve showed a distinct trough in August and September
because the high air humidity greatly limited the amount of
evaporation.

Zabuye Salt Lake is rich in solar energy resources with an
average annual sunshine duration of 3,122.4 h from 2018 to
2020. It can be seen from Figure 7 that the monthly sunshine
duration changes little, with the longest sunshine duration of

FIGURE 7 | Variation in monthly average sunshine duration in Zabuye
Salt Lake from 2018 to 2020.

FIGURE 8 | Variation in annual water level in the North Lake of Zabuye
Salt Lake from 1991 to 2020.

FIGURE 9 | Variation in themonthly average water level in the North Lake
of Zabuye Salt Lake from 2011 to 2020.
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297.7 h in June. The weather in the lake district is mainly
sunny or less cloudy, and rarely cloudy. The rainfall in the
rainy season is mostly in the form of short-term
thunderstorms. As can be seen from Figure 8, the water
level of the North Lake of the Zabuye Lake shows an
upward trend, corresponding to the trend of climate change
(Wang et al., 2019). During the period from 1991 to 2020, the
lowest annual average water level was 4,420.79 m in 1997, and
the highest annual average water level was 4,421.61 m in 2020.
As shown in Figure 9, the highest point of the water level in the
past 10 years appears in April, August and September, while
the lowest point generally appears in January, February and
December. Owing to the obvious and short rainy season in
Zabuye Salt Lake, the water level always rises significantly in
August and September. The ratio of evaporation to rainfall
reached the maximum in May and the minimum in August.
Thus, evaporation is also one of the crucial factors influencing
the variance of water level. In addition, the melting of glaciers,
one of the main supply of the Zabuye North Lake, is also
affected by climate change. The snow and ice in the
mountainous cannot melt after October, resulting in a great
reduction in the water supply of the North Lake. Therefore, the
water level of the salt lake displayed a slow decline after
October, and reached the lowest point in January of the
following year. With the rising temperature in February, the
snow and ice began to melt, leading to an gradual enhancement
in the water level.

3.2 Lithium Salt Crystallization and Water
Chemistry
The isothermal evaporation experiments at 15 and 25°C
revealed the crystallization process of salt minerals in the
brine. Figures 10, 11 show the route diagrams of isothermal

evaporation for brine taken from Zabuye Salt Lake at of 15°C
brine in spring and 25°C brine in autumn which are taken
from Zabuye Salt Lake. The metastable phase diagram of the
quinary water-salt system Na+, K+//Cl−, CO3

2−, SO4
2− -H2O

was applied to describe the brine evaporation route. The
original composition of brine in spring in Zabuye Salt Lake is
different from that in autumn, and its composition in the
system is located in the sylvite region. Therefore, the sylvite is
precipitated earlier during the isothermal evaporation at
15°C. The quinary phase diagram could be equivalent to a
simplification of complex Li+, Na+, K+//Cl−, CO3

2−, SO4
2−,

B4O7
2−, HCO3

− -H2O eight system of Zabuye Salt Lake (Nie
et al., 2010), and it is hard to determine the precipitation
order of lithium carbonate and borax. The precipitation
sequence and combination of salt minerals are relatively
complicated during the experiment, as listed in Table 2.
During the isothermal evaporation process at 25°C, the
precipitation sequence from the brine was halite, glaserite,
lithium carbonate, trona, thermonatrite, sylvine and borax.
During the isothermal evaporation process at 15°C, the
precipitation sequence of salt minerals was halite, sylvine,
trona, borax, lithium carbonate, thermonatrite, natronite and
glaserite.

Figure 12 shows the relationship between Li2CO3 and brine
formation rate during isothermal evaporation at 15 and 25°C. It
can be seen that Li2CO3 was precipitated from the metaphase. In
addition, lithium precipitation is a continuous process that
occurred throughout subsequent evaporation process. During
the period, the Li2CO3 grade in the mixed salt was relatively
low, only 4% at 25°C and 2% at 15°C. Two peaks for lithium
carbonate precipitation clearly appeared at 25°C, while no
obvious precipitation peak was observed at 15°C. Thus, high-
grade lithium carbonate mixed salt could be obtained at a higher
temperature, with more concentrated precipitation. Since Zabuye

FIGURE 10 | The route diagrams of isothermal evaporation of brine
taken from Zabuye Salt Lake at 15°C in spring. FIGURE 11 | The route diagrams of isothermal evaporation of brine

taken from Zabuye Salt Lake at 25°C in autumn.
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Salt Lake brine is dominated by carbonate type, the large amount
of CO3

2− limited the concentration range of Mg2+ and Ca2+ in
brine, resulting in a very small ratio of magnesium to lithium in
Zabuye Salt Lake brine. However, the enrichment of Li+ in brine
was also restricted, resulting in the precipitation of lithium
carbonate in most stages of the evaporation experiment. As
described in Figure 13, Li+ in the liquid phase could be
enriched to a higher concentration at 15°C than at 25°C.
Therefore, it can be concluded that a low temperature was
more conducive to the enrichment of lithium in Zabuye Salt
Lake brine, and a high temperature favored the precipitation of
lithium carbonate in Zabuye Salt Lake.

As can be seen from the temporal and spatial distribution
of lithium ion concentration in the North Lake of Zabuye
Salt Lake (Figure 14), the lithium ion concentration has
shown a downward trend in the past 30 years from 1991 to

2020, and a significant decreasing trend from 2001 to 2010.
This was because the lithium ore resources in Zabuye Salt
Lake have been developed and utilized since 2002, and the
ion concentration in the salt lake in winter is higher than
that in summer. These results corresponded to the phase
chemistry experiment of the brine in Zabuye Salt Lake. The
lithium in Zabuye Salt Lake brine was prone to be enriched
at a low temperature and predicated to be lithium carbonate
at a high temperature. Thus, the lithium ions in the lake
displayed a low concentration in summer.

3.3 Lithium Resource Development
The phase diagram experiment indicated that a high temperature
is conductive to the precipitation of lithium carbonate in the salt
lake, while a low temperature is favorable for the enrichment of
lithium ions in the salt lake. Since Zabuye Salt Lake is located in

TABLE 2 | Salt minerals formed by isothermal evaporation of brines taken from Zabuye Salt Lake.

Order Evaporation
rate (%)

15°C Evaporation
rate (%)

25°C

1 93.44 NaCl 95.23 NaCl
2 88.25 NaCl + KCl 69.81 NaCl + K3Na(SO4)2
3 80.23 NaCl + KCl + Na2CO3· NaHCO3·2H2O 45.22 NaCl + K3Na(SO4)2 + Li2CO3

4 77.01 NaCl + KCl + Na2CO3·NaHCO3·2H2O + Na2B4O7·10H2O 40 NaCl + K3Na(SO4)2 + Li2CO3+Na2CO3·NaHCO3·2H2O
5 57.98 NaCl + KCl + Na2CO3·NaHCO3·2H2O + Na2B4O7·10H2O

+ Li2CO3

32.35 NaCl + K3Na(SO4)2 + Li2CO3+Na2CO3·NaHCO3·2H2O +
Na2CO3· H2O

6 37.92 NaCl + KCl + Na2CO3·NaHCO3·2H2O + Na2B4O7·10H2O
+ Li2CO3+ Na2CO3· H2O + Na2CO3· 10H2O

14.59 NaCl + K3Na(SO4)2 + Li2CO3+Na2CO3·NaHCO3·2H2O +
Na2CO3· H2O + KCl

7 21.87 NaCl + KCl + Na2B4O7·10H2O + Li2CO3+ Na2CO3· H2O
+ Na2CO3· 10H2O + K3Na(SO4)2

11.23 NaCl + K3Na(SO4)2 + Li2CO3+Na2CO3·NaHCO3·2H2O +
Na2CO3· H2O + KCl + Na2B4O7·10H2O

8 7.56 NaCl + KCl + Na2B4O7·10H2O + Li2CO3 + Na2CO3·
10H2O + K3Na(SO4)2

8.72 NaCl + K3Na(SO4)2 + Li2CO3+Na2CO3·H2O + KCl +
Na2B4O7·10H2O

FIGURE 12 | Precipitation of lithium minerals during isothermal
evaporation at 15 and 25°C. FIGURE 13 | Enrichment of Lithium in brine during isothermal

evaporation at 15 and 25°C.
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the plateau sub-arctic climate zone and has an obvious upward
trend in the annual average temperature in the past 30 years, the
best period for brine storage is fromNovember to April each year,
owing to the low temperature, basically no precipitation and
relatively small evaporation. All the climatic conditions
mentioned above are suitable for the enrichment of lithium
ions in brine. The temperature between May to October began
to rise and the evaporation increased under sufficient sunshine
duration. Thus, this period was more suitable for the precipitation
and recovery of lithium carbonate. Since July and August are
rainy seasons, precautionary preparations shall be made to
prevent the entrainment and loss of the precipitated lithium
carbonate mixed salt.

4 CONCLUSION

According to the lithium mining process as well as phase chemistry
experiments, regional climate change provided several advantages
for the development of lithium resources in Zabuye Salt Lake. First of
all, the regional temperature of Zabuye Salt Lake has been increasing
from 1991 to 2020. Observation data indicated that Zabuye Salt Lake

had a large daily temperature difference above 15°C. The climate
alternated between hot and cold obviously, with a low temperature,
basically no precipitation and evaporation from November to April.
In accordance with the results of phase chemistry experiments, the
climatic conditions during this period were suitable for the
enrichment of lithium ions in brine, that is, the storage in salt
gradient solar ponds. The rising temperature from May to October
promoted the increased evaporation under sufficient sunshine
duration, which was suitable for the precipitation and recovery of
lithium carbonate based on the phase chemistry results. The mostly
sunny weather throughout the year, as well as the pronounced but
short rainy season with small rainfall provides a favorable conditions
for the operation of salt fields. The characteristics of strong solar
radiation, long sunshine duration, and large evaporation are
beneficial for the production of lithium carbonate by the salt
gradient solar pond method in Zabuye Salt Lake. Therefore, the
rational utilization of climate change has a positive effect on the
development of lithium resources in Zabuye Salt Lake. In the future,
it is necessary to strengthen the field observations and surveys
around Zabuye Salt Lake, and screen the optimal scenarios of
future climate change. Besides, lithium ion balance model in the
lake should be simulated and constructed with the aid of the

FIGURE 14 | The spatial and temporal distribution of lithium ion concentration in the North Lake of Zabuye Salt Lake [(A)1991–2000 February, (B)1991–2000
August, (C)2001-2010 February, (D) 2001–2010 August, (E)2011-2020 February, (F) 2011–2020 August).
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hydrological process. The impact mechanism of climate change and
human activities on lithium resources in Zabuye Salt Lake would be
revealed in the future investigation, which gives support to the
development and upgrading of the lithium mine industry in the
lake area.
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Reconstruction of Aeolian Activity
Variability in the Central Tibetan
Plateau From Grain-Size Distributions:
End-Member Modeling and Source
Attribution of Sediments From Lake
Selin Co
Chunhui Zhang1, Wanyi Zhang1*, Yan Liu2, Jinjiao Yao1, Renchao Wan1, Huwei Li 1,
Xinyu Hou1 and Chengjun Zhang1

1College of Earth Sciences & Key Laboratory of Mineral Resources in Western China (Gansu Province), Lanzhou University,
Lanzhou, China, 2Key Laboratory of Oil and Gas Resources Research, Northwest Institute of Eco-Environment and Resources,
Chinese Academy of Sciences, Lanzhou, China

The grain size analysis and end-member modeling of clastic fractions in the Selin Co basin
sedimentary sequence have been revealing variations of aeolian activity in the central
Tibetan Plateau since 3,900 cal yr BP. The grain-size distributions measured in this study
were classified into three statistical end-members that may be connected to clastic
material inputs from a variety of sources and transport processes. Among these, the
EM3 fraction (modal grain size of ~138 μm) was suggested to indicate the aeolian activity
history in the central Tibetan Plateau. The results indicate that the aeolian activity in this
region occurred under dry and cold conditions since 3,900 cal yr BP, with three strong
aeolian activity intervals at 3,200–2,900 cal yr BP, 2,400–1,400 cal yr BP, and after
130 cal yr BP. Comparison with other records showed that solar insolation, weakening
Indian summer monsoon, and the strengthening westerlies have a direct relationship with
the aeolian activity in the central Tibetan Plateau. We therefore suggest that the
atmospheric circulation patterns and effective humidity may have a strong impact on
the water balance and weathering intensity in the arid and semiarid areas, hence affecting
dust emissions. Also, the coarse detrital end-member fraction of lake sediments is
suggested as a potential aeolian activity proxy.

Keywords: central Tibetan Plateau, Lake Selin Co, end-member analysis, aeolian activity, Indian summer monsoon,
the westerlies

1 INTRODUCTION

Aeolian activity has garnered considerable attention from the government and academics as one of
the most serious ecological and environmental challenges inWestern China. It has a negative impact
on human health, contributes to desertification, and has other environmental implications (Okin
et al., 2001; Esmaeil et al., 2014). Dust released from aeolian activity plays an active role in
modulating global climatic change, and the resulting change, in turn, influences the dust emission
(Maher et al., 2010; Wang et al., 2013). Therefore, investigating dust history helps elucidate the
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releasing processes and shed light on the mechanisms behind the
relationship between dust release and climatic change over time.
It contributes to our growing understanding of the
ocean–atmosphere–land interactions that govern the climate
system. However, the dust storm events inferred from
meteorological data and historical archives are insufficient to
reconstruct the history of aeolian activity over past periods in the
arid and semiarid regions of China, especially
paleoenvironmental reconstruction based on environmental
proxies is an indispensable method in the areas without
history records (Qiang et al., 2007). Additional records from
the local region are essential for improving our understanding of
regional climate systems.

Lakes in arid regions are natural dust traps resulting in the
deposition of continuous sediment that can provide a high-
quality sedimentary record for paleoenvironmental changes,
especially long-term changes associated with aeolian dust
deposition (An et al., 2011; Chen et al., 2013). The nature of
dust grain size in lake sediments in the Central Asian arid zone
can reflect Asian monsoon system change and wind intensity
(Qiang et al., 2007). Therefore, aeolian grain-size distributions
(GSDs) from the lake sediments are the most commonly applied
proxy in reconstructing past aeolian activity in the Tibetan
Plateau region (Chen et al., 2013; Qiang et al., 2014; Wu et al.,
2020). Owing to the complexity of the sources of lake sediments,
it is important to understand how to distinguish the aeolian
fractions and their proportions in lake sediments (Zhang et al.,
2021). Several relevant investigations have determined the
contribution of aeolian sediments by comparing the grain-size
distributions of lake sediments and regional aeolian sediments
(Qiang et al., 2007; Qiang et al., 2014). Moreover, several
researchers have used mathematical methods to analyze grain
size data and build models to identify the sources of various
sediments; these models, so-called “end-member models,” have
been developed by Paterson and Heslop in 2015. For example,
Dietze et al. (2012) applied the end-member modeling analysis
(EMMA) on Lake Donggi Cona and identified the following five
end-members: EM1 (8.4φ, 3.5 µm) represents suspended
sediment from fluvial and alluvial processes, EM2 (6φ,
15.7 µm) represents local dust, EM3 (4.4φ, 47 µm) represents
sandy well-sorted, probably dune sediment, EM4 (3φ, 125 µm)
represents remote dust, and EM5 (1.7φ, 310 µm) which is poorly
sorted, has actually three prominent modes, typical of fluvial and
onshore deposition. The end-member model analysis has been
successfully applied to determine the aeolian fractions in lake
sediments (Chen et al., 2013; Wu et al., 2020; Zhang et al., 2021).

The Tibetan Plateau, which is influenced by the Asian
monsoon and the mid-latitude westerlies, is one of Central
Asia’s dust-producing regions (Dong et al., 2020). Lake Selin
Co, located in the central Tibetan Plateau, is relatively unaffected
by human activities. Therefore, it is one of the ideal lakes for
studying aeolian activity. Meanwhile, due to its scarce
precipitation and a sufficiently large lake surface, the coarse-
grained fraction in the sediment at the center of the lake is less
influenced by fluvial input (Deckker et al., 1991), which maybe
come from air sources. Moreover, previous research has rebuilt
the overall framework of monsoonal and paleoenvironmental

changes in the Selin Co region using grain size characteristics,
geochemical studies, and isotopic studies (Gu et al., 1993;
Morinaga et al., 1993; Kashiwaya et al., 1995; Gyawali et al.,
2019). Recent studies (Shi et al., 2017; Hou et al., 2021) used
optically stimulated luminescence to date beach ridges in Lake
Selin Co to monitor lake-level fluctuation. All previous studies
provided basic archives between climate and aeolian activity.

In this article, a 1.79-m lake core from Lake Selin Co has been
collected, and the grain size end-member model analysis was
applied to the Lake Selin Co sediments since the Late Holocene as
well as the aeolian components were identified to reconstruct the
past aeolian activity in the central Tibetan Plateau.

2 REGIONAL SETTING
Selin Co is a brackish lake located in the central Tibetan Plateau
(88°32′-89°22′E, 31°32′-32°07′N, 4,530 m, above the sea level),
about 90 km west of Bange County in Naqu District. The lake
consists of two parts. The eastern part has a larger area and has a
shallower water body with a maximum water depth of ca. 35 m;
the western part is relatively smaller but has a deeper water body
(Figure 1; Wang et al., 2019). Lake Selin Co covers a total area of
~3,262 km2. The pH value is 9.6, and the salinity is approximately
17.45%. It is a sodium sulfate-type brackish water lake. The total
ion concentration in the lake is 11.07 g/L. The cation primarily is
Na+ with some K+, Mg2+, and Ca2+; the anion primarily is SO4

2-

with some Cl−, HCO3
−, and CO3

2- (Gu et al., 1994; DeJi et al.,
2018; Wang et al., 2019).

The drainage system is largely developed in the Selin Co
catchment, and the main perennial and seasonal rivers are
Zhajia River, Zhagen River, Ali River, and Boqu River
(Figure 1B; DeJi et al., 2018; Wang et al., 2019). The Zhajia
River originates in the Tanggula mountains, Geladandong,
Jiregepa, and other snow mountains that fill into Lake Selin
Co at the north shore of the eastern part. The Zhagen River,
an intermittent river with shallow and clear water during the
rainy season, originates from the Jiagang snow mountain in the
east of Gyaring Co and enters Lake Selin Co from the west shore.
The shallower Ali River, a clear seasonal river, infuses the western
part of Lake Selin Co. The Boqu River is an intermittent river that
originates from the Baburi snow mountain and empties into
eastern Lake Selin Co (Wang et al., 2019). The glacier covers an
area of around 593 km2 or about 1% of the total catchment area of
Lake Selin Co (Hou et al., 2021). The Lake Selin Co’s principal
supply source is glacial meltwater (DeJi et al., 2018; Hou et al.,
2021).

The Lake Selin Co region is mainly affected by the Indian
summer monsoon and westerlies (Gyawali et al., 2019).
According to remote sensing and field observations, Lake Selin
Co is typically covered in ice from late December to mid-April of
the following year (Kropáček et al., 2013; Zhang et al., 2014; Guo
et al., 2016). Annual precipitation ranges between 290 and
321 mm, and the annual evaporation total can reach
2,176 mm. The average annual temperature is 0.8–1.0°C, and
the number of annual gale days (i.e., winds >62 kmhr−1) is
between 103 and 132 days (Da 2011). Except for May to
September, the other months’ mean temperatures in the Lake
Selin Co area are below 0°C. Precipitation is the heaviest between
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June and September, contributing to 83% of annual precipitation;
yet, the basin’s multiyear average monthly precipitation is less
than 10 mm from November to March (Figure 1C; Wang et al.,
2020).

Modern dust storm events in the central Tibetan Plateau are
recorded by meteorological stations at Shenza (30°56′N, 88°42′E,
4,680 m) and Wudaoliang (35°12′N, 93°06′E, 4,800 m) and
primarily emerge from December to April (1961–2000;
Figure 2; Han et al., 2008), owing to the absence of
precipitation in the winter and early spring as well as the
accompanying high frequency of wind (Bai et al., 2006).
Therefore, the dust that falls into Lake Selin Co occurs
primarily during the winter (December to April). The main
vegetation types are alpine prairie, alpine meadows, and alpine
shrubbery (Kou et al., 2021). The Aytemisia wellby grassland
occupies the lake basin’s periphery, while the Kobresia littledalei

swampy meadow covers the river shoal and low swampy ground
along the shoreline (Sun et al., 1993).

3 MATERIALS AND METHODS

3.1 Core Sampling and Preparation
A total of six lake cores were drilled in the western part of Lake
Selin Co at a water depth of 30 m. The longest core measures
2.78 m (Wang and Zheng 2014). A 1.79-m core SL-4 was sliced at
1 cm intervals. For grain size testing, 167 samples were prepared.
The upper half of the core is composed primarily of gray–white
medium-fine sand or fine silt with an interlayer of black clay,
while the lower section is composed primarily of gray–black and
black clay with a reasonably fine lithology. Figure 5 illustrates the
detailed lithology.

3.2 AMS 14C Age Dating
6 AMS 14C was extracted from bulk organic matter samples at the
Beta 14C Lab in the United States (Table 1; Figure 3). Calibration
of the 14C dates was performed using the IntCal13 calibration
curve (Reimer et al., 2013). The age model was established using
the Bacon package within the R open-source statistical
environment by fitting a polynomial function to the age–depth
data (Blaauw and Christen 2011).

3.3 Grain-Size Measurement and
End-Member Modeling
To eliminate organic matter and carbonates from subsamples,
they were pre-treated by boiling with H2O2 (10%) andHCl (10%).
The samples were then added to distilled water and left overnight.

FIGURE 1 | (A) Location of Lake Selin Co (black square) in the central Tibetan Plateau. (B) Core SL-4 site (red star) in Lake Selin Co (Yu et al., 2019). (C)Multi-year
average monthly temperature and precipitation record (1979–2017; Wang et al., 2020). The modern East Asian monsoon limit is shown by the red dashed line (Gao
1962); ISM and EASM mean the Indian summer monsoon and East Asia summer monsoon, respectively.

FIGURE 2 | Monthly dust storm days (average of 1961–2000) in the
central Tibetan Plateau (Han et al., 2008).
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Afterward, the samples were dispersed for 5 min with 10 ml
sodium hexametaphosphate on an ultrasonic vibrator to
completely disaggregate the particles prior to grain size analysis.

A Malvern Mastersizer 2000 instrument was used to
determine the grain size. The range of measurement is
0.02–2000 μm. The repeated measurement error is less than
2%. Then, the samples were inserted into the system using a
Hydro MVmodule. The sample quantity was adjusted to obtain a
laser-beam obscuration of between 10 and 20%. The average
GSDs for each sample (n = 167) were calculated using two
repeated measurements and served as the input data for the
end-member analysis. The acquired GSDs were unmixed using
the MATLAB graphical user interface software program
AnalySize.

4 RESULTS

4.1 Chronology
To determine the reservoir effect from the core, the “intercept
method” was used (Hou et al., 2012). Zhang et al. (2016) proposed
that the regression approach is not restricted to linear types and

introduced quadratic-type regressions. Usually, the regression with
the highest correlation (represented by R2 values) is used to
describe the age–depth relationship. In this study, the quadratic
relationship gives a higher R2 value than the linear equation. There
is an intercept of 2,249 years BP according to quadratic-type
regression (R2 = 0.9522). Wang and Zheng (2014), and Gyawali
et al. (2019) calculated the reservoir age to be 1890 and 2,635 years
from Lake Selin Co. The inconsistency in the predicted reservoir
was probably caused by cores obtained from different locations.
However, there are no discernible variations between the reservoir
age calculated in this study and the results of earlier investigations.
Therefore, the reservoir age in this study was 2,249 years BP.

It was subtracted from all measured 14C ages assuming a
constant reservoir age throughout the depth. The reservoir effect-

TABLE 1 | Radiocarbon ages for samples from cores collected at Lake Selin Co.

Sample ID BETA Lab ID Depth (cm) Dating material 14C age (yr BP) 14C error RA-corrected 14C age
(yr BP)

Calibrated
age (yr BP)

SL-4C-1 548798 10 Organic matter 2,370 30 121 197
SL-4C-2 548799 31 Organic matter 3,530 30 1,281 1,202
SL-4C-3 548800 73.75 Organic matter 4,740 30 2,491 2,400
SL-4C-4 548801 112.5 Organic matter 4,850 30 2,601 2,765
SL-4C-5 548802 151 Organic matter 5,280 30 3,031 3,286
SL-4C-6 548803 177.5 Organic matter 5,810 30 3,561 3,844

FIGURE 3 | Age–depth model for core SL-4. The blue area shows the
probability density of the calibrated result for each radiocarbon date. The gray
scale indicates the probability density function of the age–depthmodeling. The
red lines indicate the weighted mean ages, which were used for all
curves throughout the study.

FIGURE 4 | End-member modeling results for core SL-4. (A) Increasing
coefficient of determination (R2) as a function of the number of end-members
(EMs) chosen to model the observed GSDs, from 1 to 10. (B) Angular
differences (in degrees) between the reconstructed and observed data
sets as a function of the number of end-members. (C) Plot of some observed
GSDs (gray shading) overlain with the three retained EMs (colored lines)
together. All EMs have a unimodal distribution, with varying width and
amplitude.
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adjusted chronology was loaded into Bacon software after
deducting the reservoir age. A Bayesian accumulation model
was used to establish an age–depth model (Figure 3; Blaauw
and Christen 2011). At the bottom of the core, the old stage was
about 3,900 cal yr BP. The average sedimentation rate is
0.046 cm/yr. The average rate calculated in this study is
essentially same as the Gyawali’s et al. (2019) average
sedimentation rate of 0.045 cm/yr, which is slightly lower than
the average sedimentation rate of 0.052 cm/yr calculated byWang
and Zheng (2014).

4.2 Grain Size Results
The sediments of Lake Selin Co contain sand, silt, and clay
components. However, a polymodal grain-size distribution is
revealed when all samples (n = 167) are superimposed. Hence,
all the GSD data were separated by the AnalySize program, and
the minimum number of end-members (EMs) required is also
determined based on the calculated coefficient of determinations
(R2) and angular deviation (Paterson and Heslop 2015). As the
number of EMs increases, the goodness-of-fit statistics show an
increasing fit (higher R2) to the raw GSDs spectra (Figure 4A).
According to Figures 4A,B, the third end-member represents a
critical position in terms of linear correlations and angular
deviation. Therefore, the three end-members fit in minimum
EMs with relatively high R2. So, we chose a three-EM model to
depict the particle sources and deposition process in Lake Selin
Co since the Late Holocene. The end-member modal sizes are
2.9 μm (EM1), 5 μm (EM2), and 138 μm (EM3; Figure 4C).

The percentage contents of these three modeled end-members
are shown in Figure 5. EM1 is themost abundant particle fraction
throughout the whole core and is highly varied, ranging from
~12.9 to ~98.4%. The relative abundance of EM2 varies between 0
and ~56.3%. EM3 ranges from 0 to ~77.7%, with very low
percentages throughout the core and moderately high

percentages outside at some intervals (e.g., 76–38 cm,
148–125 cm, and 7–0 cm).

The grain size changes in the SL-4 core sediments are classified
into four stages: 179–76 cm, 76–38 cm, 38–7 cm, and greater than
7 cm (Figure 5). Between 179 and 76 cm (stage Ⅰ), the proportions of
EM1, EM2, and EM3 are 43.7–98.4%, 0–56.3%, and 0–24.1%,
respectively, with 74.6, 21.3, and 4.0% as the corresponding
averages. From 76 to 38 cm (stage Ⅱ), the EM1 ranges from 18.9
to 88.9% with an average of 61%, EM2 ranges from 0 to 22.1% with
an average of 6.0%, and EM3 ranges from 7.1 to 71.8% with an
average of 33%. Between 38 and 7 cm (stage Ⅲ), the proportions of
EM1, EM2, and EM3 range from 12.9 to 97.9% (average 74.2%),
0–29.7% (average 9.4%), and 2.1–77.7% (average 16.4%), respectively.
Above 7 cm (stageⅣ), the proportions of EM1, EM2, and EM3 range
from 29.7 to 85.5% (average 46.4%), 0–11.1% (average 6.9%), and
14.5–60.5% (average 46.7%), respectively.

To better understand the sediment constitution and deposition
processes, we selected four representative samples from stage Ⅰ to
Ⅳ and plotted their cumulative curves, probability cumulative
curves, and distribution curves in the same coordinates, as shown
in Figure 6. The probability cumulative curves for all four samples
indicate a four-stage type, and the grain size range varies greatly
(~0.2–354 μm; Figure 6). The fraction of rolling load is between 2
and 25%. The sand is the main component with a grain size range
varying from 88 to 354 μm. The grain size range of the saltation
load varies between 0.7 and 88 μm, with silt and clay as the main
components of the load and less sand with a broad peak span. The
cutoff point of the two saltation loads is between 6 and 11 μm. The
suspension load is approximately 10%, with a high slope,
medium-good sorting, and grain size ranging from 0.2 to
1 μm, dominated by clay. The cutoff point between the rolling
and saltation load is coarse and ranges between 88 and 125 μm,
while the cutoff point between the saltation and suspension loads
is fine and near 1 μm.

FIGURE 5 | SL-4 core variation in the % abundance of all three modeled end-members.
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5 DISCUSSION

5.1 Environmental Significance
Interpretation of Obtained EMs
Clastic particles were deposited at the lake bottom principally via
three transport paths, according to Wang et al. (2019): river or
runoff, wind (frequently trapped by ice in winter, deposited
following ice melting in summer and autumn), and long-term
suspension maintained by wave action. The key components of

the sediments, as illustrated in Figure 6, are the saltation and
suspension load. The multi-peak patterns of grain-size
distribution curves in the Lake Selin Co deposition processes
show complicated sedimentary provenance, medium, and
hydrodynamic circumstances (Figure 6). Furthermore, the
end-member modeling results reflect that the deposition of
clastic particles is influenced by multiple transport-deposition
processes from the perspective of sedimentation dynamics. We
analyzed the grain-size distribution of Lake Selin Co surface

FIGURE 6 | Grain-size distribution characteristics of SL-4 core samples.

FIGURE 7 | Frequency distribution curves of grain size for the surface samples. (A) Lake surface sample sites are far away from the shore (Wang et al., 2019). (B)
Lake surface sample sites with water depth <32.6 m or offshore distance <3.9 km (Wang et al., 2019). (C) Ice-trapped aeolian dust (Wang et al., 2019). (D) Catchment
fluvial sand and dune sand (Hou et al., 2021).
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sediment and modern aeolian dust trapped on the ice, fluvial
sand, and aeolian sand dunes around the lake to determine the
composition of the source material for the Lake Selin Co sediment
(Figure 7).

With a modal grain size of ~2.9 μm, EM1 represents the finest
particle fraction in Lake Selin Co sediments (Figure 4C). This
super-microparticle clay EM1 in lake sediment represents a long-
term suspension fraction in standing water (Dietze et al., 2012;
Xiao et al., 2013; Liu et al., 2016) and settles under calm
conditions (Dietze et al., 2014).

From nearshore to offshore, the fine particle content increases
while the coarse particle content decreases, implying that
hydrodynamic sorting is taking place (Figure 7A,B; Wang
et al., 2019). We assume that the flows from the river/runoff
were not strong enough to transport coarse particles to the center
of the lake, whilst those flows could possibly transport finer
sediments to deep water. The fine particles suspended in the
current and deposited in the lake water is at a standstill (Qiang
et al., 2007). Additionally, when the precipitation or glacial
meltwater increases, a large amount of water can raise lake
levels, yet a deeper lake can deposit finer particles below weak
hydrodynamics wave-base (Hou et al., 2021). A fine silt end-
member has been detected in the lake on the Tibetan plateau,
which has been interpreted as the sediment settling from river/
runoff processes (Ma et al., 2019; Zhang et al., 2021). Themud-silt
component, mainly fine particles, is represented by EM2, which
has a modal size of 5 μm. Therefore, EM2 instructs a fine particle
fraction by the river/runoff inputting to the lake.

The modal size of EM3 is approximately 138 μm, which
represents the sand fraction. The grain-size distribution of the
sediments could be affected by variations in the distance between
the inflow and the deposition location as a result of lake-level
fluctuations (Wang et al., 2021). The lake center (i.e., core site)
may be far from the lake shore during periods of high lake level;
the sediment/water interface is usually less disturbed by river/
runoff inflow and wave action; and coarse particles transported by
the river/runoff are difficult to reach the core location, resulting in
fine particles deposited in the sediment center (Kasper et al., 2012;
Bird et al., 2014). Moreover, the mode size of the fluvial sand
found in the sample sites around Lake Selin Co ranges from 181
to 209 µm (Figure 7D; Hou et al., 2021). Single-frequency
distribution curves without coarser modal size at 181 and
209 µm are recorded from the sediments of the lake surface
sample sites with a large distance from the shore (Figure 7A).
It indicates that the coarse particles of sediments at the core
location are relatively unaffected by the river/runoff. In regions
with less precipitation, fluvial sediment fractions >60 μm are
difficult to be transported to the sedimentary center of the
lake with high lake level and large surface (Deckker et al.,
1991). Furthermore, when the core site is close to the river/
runoff inflow and the lake level is low, the core site is likely to
receive more coarse-grained material delivered by the river/
runoff.

Meanwhile, the wind can also transfer coarse material to Lake
Selin Co.Wind frequently transports coarse particles to the center
of high-sand-content lakes in Northwest China’s arid and
semiarid regions (Chen et al., 2013; Zhang et al., 2021). The

size distribution curves of ice-trapped aeolian dust grains from
Lake Selin Co show coarser aeolian components with a modal size
of roughly ~70 μm (Figure 7C). The EM3 component grain-size
distribution interval contains the modal size of ice-trapped
aeolian dust, indicating that the grain size of about 70 μm in
the core represents an aeolian fraction. Additionally, the grain-
size distribution curve of aeolian dune sand distributed on the
lake beach of Lake Selin Co reveals that it is mainly made up of
fine to medium sand with a modal size of 140 μm (Figure 7D). It
agrees with the EM3 fraction’s modal size, indicating that coarser
particles were driven into the lake during a sand storm with
strong winds. Regardless of the lake level, coarse particles can be
deposited directly into Lake Selin Co through sand storms or
freeze on the lake ice-layer in winter and subsequently sink into
the lake owing to ice melting. As a result, the EM3 fraction
contains inputs from both aeolian and river/runoff sources. To
some extent, variations in the EM3 fraction content can signal
changes in aeolian activity. When the EM3 fraction content is
low, aeolian activity is weaker, and the lake level is higher;
contrariwise, the high EM3 fraction indicates stronger aeolian
activity and low lake level.

5.2 Aeolian Activity History During the Last
3,900 years Inferred From Grain-Size
Spectra
Climate change has a great impact on the aeolian activity (Yang
et al., 2007; Wolfe 2021). The abundance of magnesium-rich
authigenic carbonate minerals (dolomite and hydromagnesite) in
the Lake Selin Co sediments indicates that the degree of aridity of
the climate intensified as the MgO/CaO ratio and MgCO3

concentration increased (Gu et al., 1993). The authigenic
carbonate consisting of calcite and aragonite that was
deposited, with an increase in CaCO3 content and a drop in
the MgO/CaO ratio, reflects a warmer and wetter climatic
environment (Gu et al., 1993). A dry and cold climate is
indicated by higher δ18O values in authigenic carbonate (Gu
et al., 1993). In the Late Holocene, the Selin Co regional climate
evolved oscillatively to cold and dry, which was compatible with
records from the central Tibetan Plateau’s lakes of Zigetang Co,
Taro Co, and Nam Co (Gu et al., 1993; Herzschuh et al., 2006;
Cheung et al., 2014; Laug et al., 2021).

The aeolian activity history in the Selin Co region over the last
3,900 years can be reconstructed based on the component EM3
(Figure 8F). According to the variation of EM3 component
content, the significant aeolian activity periods in the central
Tibetan Plateau were inferred from 3,200 to 2,900 cal yr BP,
2,400–1,400 cal yr BP, and after 130 cal yr BP. A lower
frequency and weaker intensity of aeolian activity were
recorded from the other periods. Comparing the climate
change characteristics of the study area, we suggest that most
periods of low aeolian activity correspond to the humid
conditions, probably due to the wet climate that reduced the
intensity of aeolian activity to some extent (Yang et al., 2007).

The climate of Lake Selin Co was dry and cold at
3,900–3,400 cal yr BP, according to Gu et al. (1993) and
Gyawali et al. (2019) studies, with decreased MgCO3, MgO/
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CaO, and δ18O values (Figures 8B,C,E). The aeolian activity was
not developed in this period. It indicates that the climate changed
from dry and cold to warm and wet, and the intensity of the dry
and cold climate was not too strong. The better conditions were
probably favorable to the vegetation so that to restrain aeolian
activity.

The climate was relatively wet from 3,400 to 2,400 cal yr BP
(Figure 8; Gu et al., 1993), and wet conditions were recorded
from Nam Co and Tangra Yumco at 3,400–2,300 cal yr BP
(Kasper et al., 2012; Ma et al., 2020). The frequency of
aeolian activity was low, and the intensity was weak during
this period. Aeolian activity peaked between 3,200 and
2,900 cal yr BP, owing to a regional climatic shift associated
with the 2.8 ka BP cold event (~3,300–2,800 cal yr BP; Sun et al.,
2020). This occurrence was witnessed in several parts of the
Tibetan Plateau, i.e., lakes Ngamring Co and Qinghai as well as
the Hongyuan peatland (Yu et al., 2006; Hou et al., 2016; Sun
et al., 2020).

The climate was cold and dry at 2,400–1,400 cal yr BP
(Figure 8; Gu et al., 1993). Dry conditions were inferred
from lakes Nam Co and Tangra Yumco at 2,300–1700 cal yr
BP (Kasper et al., 2012; Ma et al., 2020). Changes in δ18O and
δ13C values of carbonate fluctuated significantly with the peak
at 2,400–1,400 cal yr BP (Figures 8D,E). It signifies a dramatic
evaporation event caused by the cold and dry climate, resulting
in a drop at the lake level (Gu et al., 1993; Morinaga et al., 1993;
Xue et al., 2010). Another factor that could have caused the
lake level to drop was the weakening of the monsoon, which
resulted in less precipitation (Gu et al., 1994; Shi et al., 2017;

Hou et al., 2021). Simultaneously, during the low lake level, the
EM3 proportion was high, indicating intense aeolian activity.
Therefore, in cold and dry conditions, coarse particles may be
transported by wind and, to a lesser extent, by the river/runoff.
With the lake-level lowing, the core site is close to shallow
nearshore, so that coarse particles deposited were carried by
the river/runoff. The aeolian activity estimated from this study
is compatible with the record of strong aeolian activity from
the Dinggye area in the southern Tibetan Plateau between 2000
and 1,100 cal yr BP (Pan et al., 2014). The differences in dates
are probably from the shorter paleo-aeolian sedimentary
sequence and lower chronological resolution (Pan et al.,
2014). The cold and dry climatic conditions provide a
background for aeolian activity during this period (Yang
et al., 2007). Under dry conditions, the effective humidity
decreased and vegetation cover and soil consolidation became
bad, resulting in increased sand sources and dust release;
meanwhile, the cooling process was accompanied by windy
weather, increasing the possibility of aeolian activity by
providing the necessary dynamical effect (Yang et al., 2007;
Ma et al., 2016).

The humidity slightly increased after 1,400 cal yr BP
(Figure 8; Gu et al., 1993), and the Medieval Warm Period
(MWP) arrived. The content of the EM3 fraction reduced
considerably with a weak aeolian activity during the MWP.
The warm and humid climate favored vegetation in the region
to inhibit aeolian activity. Following then, aeolian activity
increased in frequency and intensity throughout the Little
Ice Age (LIA). In such a frigid climatic background, the

FIGURE 8 | (A), (B), (C), (D), (E) CaCO3, MgCO3, MgO/CaO, δ13C, and δ18O records in the core CH8803 of Lake Selin Co, respectively (Gu et al., 1993). (F) EM3
fraction (this study).

Frontiers in Earth Science | www.frontiersin.org March 2022 | Volume 10 | Article 8651748

Zhang et al. Aeolian Activity of Tibetan Plateau

140

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


study area provided suitable dynamical conditions, giving
enhanced source material and wind power for the aeolian
dust transport (Yang et al., 2007; Ma et al., 2016). Aeolian
activity appeared at 350–550 cal yr BP and after 130 cal yr BP.
It is well consistent with the high dust events record from the
Malan ice core for nearly 800 years (Wang et al., 2006). This
study’s findings on aeolian activity during the LIA are
congruent with ice core records from the Tibetan Plateau.
During 1800–2000 AD, increased dust concentrations were
recorded from the Dasuopu ice core in the Tibetan Plateau’s
southern region (Thompson et al., 2000). The Guliya ice core
was used to infer the significant dust peak phases between 1770
and 1900 AD (Yang et al., 2007). At 1860–1874 AD and
1930–1954 AD, the Tanggula ice core recorded a strong
dust flux (Wu et al., 2013).

5.3 Regional Comparison
The aeolian activity archives in this study show that aeolian
activity was more prevalent during cold and dry periods. The
records from Chen et al. (2013) and Qiang et al. (2014) support
this theory. Summer insolation in the Northern Hemisphere
has been decreasing from 3,900 cal years BP, indicating a
cooling trend (Figure 9A; Berger and Loutre 1991). As a
result, in the context of cooling, the probability and
intensity of cold air intrusion increase, and the frequent

occurrence of windy weather creates better dynamical
conditions for sustained aeolian activity (Yang et al., 2007;
Wolfe 2021). In order to better illustrate the factors impacting
the aeolian activity in the central Tibetan Plateau, the aeolian
activity record is therefore compared with regional
paleoclimatic records (Figure 9).

Figures 9B,H,I show the aeolian activity records of Lake
Selin Co in the central Tibetan Plateau, Yang Chang (YC)
section in the southern margin of the Tarim Basin, and Sugan
Lake in the Qaidam Basin in the northern Tibetan Plateau,
respectively. Compared with the Sugan Lake record, large
differences in the history of aeolian activity are presented in
the two areas (Figures 9B,I). Sand storms came into being and
intensified during 300–500 AD, 1180–1,240 AD, and
1500–1700 AD in the Sugan Lake region in the last
2000 years (Chen et al., 2013). Whilst the aeolian activity
events in the Lake Selin Co are well consistent with the YC
section record, but there are some slight differences between
them (Figures 9B,H). The difference between age and aeolian
activity history implies that the three regions have different
main regulating forces.

The aeolian activity in the Sugan Lake region coincided
with the intensification of Siberian high, resulting in frequent
incursions of cold air masses from higher latitudes into the
dust source area in northwestern China (Chen et al., 2013).

FIGURE 9 | (A) Summer insolation at 30o N (Berger and Loutre 1991). (B) EM3 fraction. (C)Westerlies climate index (WI, flux of >25 μm fraction) in Qinghai Lake;
large WI values indicate strengthened westerlies influence (An et al., 2012). (D) δ18O of stalagmites from the Bittoo Cave (Kathayat et al., 2016). (E) δ13C curve of the C.
mulieensis remains and mixed plant cellulose of the Hongyuan peat, the smaller the δ13C of peat plant remains cellulose, the stronger the monsoon activity is and vice
versa (Hong et al., 2003). (F) δ18O of stalagmites from the Wanxiang Cave (Zhang et al., 2008). (G) δ18O of stalagmites from the Dongge Cave (Wang et al., 2005).
(H) Dust storm record from the Tarim Basin (Han et al., 2019). (I) Coarse fraction (56–282.5 μm) of the sediments of Lake Sugan (Chen et al., 2013). The gray bars
indicate the aeolian activity events.
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The aeolian activity in the Tarim Basin is influenced not only
by changes in solar activity but also by increased low level
wind strength and delayed transition of seasonal jet due to
enhanced and southward shifts of the westerly jet during cold
periods (Han et al., 2019). The central Tibetan Plateau’s
aeolian activity was compared to Indian summer monsoon
(ISM) and westerlies records. We assume that the period of
strong aeolian activity in the research area generally coincides
with the weakening of the ISM and the strengthening of the
westerlies (Figures 9B–E). Meanwhile, the spectral analyses of
the aeolian activity record of Lake Selin Co, the ISM, and the
westerlies present consistent dominating cycles centered at
~149 years, ~372, and ~449 years (Figure 10). This furtherly
corroborates the relationship between aeolian activity changes
in the central Tibetan Plateau with the ISM and the westerlies
changes. However, the three dominant cycles are not evident
in the westerlies spectrum. It seems likely that the westerlies
are not a direct cause of the variation of aeolian activity in the
study area. The westerlies influence aeolian activity in both
the central Tibetan Plateau and the Tarim Basin. However, the
controlling role of the westerlies in the formation of aeolian
activity in the Tarim Basin was probably stronger than that in
the central Tibetan Plateau region. With the comparison of
the δ18O records from stalagmites in Wanxiang and Dongge
caves, aeolian activity in the central Tibetan Plateau usually
corresponded to the strengthened East Asian summer
monsoon periods (Figures 9B,F,G). Correlation analysis
with δ18O data of stalagmites from the Wanxiang Cave

(R = −0.29 with p<<0.01) and Dongge Cave (R = −0.41
with p<<0.01) presents a moderate negative correlation.
This indicates that the East Asian summer monsoon has a
limited impact on aeolian activity in the central Tibetan
Plateau. It supports the earlier hypothesis that the ISM and
the westerlies have the greatest influence on the climate of the
central Tibetan Plateau (Wang et al., 2017; Gyawali et al.,
2019; Hou et al., 2021).

The comparison reveals that ISM-dominated regional
humidity may play a key role in regulating the study area’s
dust emission and aeolian accumulation. When the ISM
intensity drops, less precipitation falls in the Lake Selin Co
area, resulting in low effective humidity, sparse vegetation
cover, and easily mobilized ground surface particles.
Moreover, as the westerlies strengthen, the relatively bare
ground surface becomes more prone to raise coarser dust
particles as a result of vigorous wind erosion. The air
masses associated with the ISM only need to cross a small
section of the Indian subcontinent before reaching the Tibetan
Plateau from the south, but the westerlies must cross the
majority of the Eurasian continent before reaching the
Tibetan Plateau region. These two paths differ not only in
terms of their overall source regions but also in terms of the
distances they travel to water sources (oceans; Zhu et al., 2015).
Therefore, the transfer of moisture differs between these two
atmospheric circulation systems, with the westerlies bringing
minimal moisture to the Tibetan Plateau and the ISM bringing
a high amount of precipitation (Zhu et al., 2015). Because the
study location is located at a high altitude on the central
Tibetan Plateau, dry westerlies may only slightly improve
humidity in the study area when the westerlies are
enhanced (Zhu et al., 2015). As a result, enhancing
westerlies across the central Tibetan Plateau may promote
aeolian activity. Our findings match the reconstructed aeolian
activity history from the Dinggye area in the southern Tibetan
Plateau since 3,900 cal yr BP within the error range of
chronology dating (Pan et al., 2014). The ISM circulation
likely has a significant impact on both areas. Atmospheric
circulation disturbances influence aeolian activity, with
various driving mechanisms controlled by different
atmospheric circulation systems. The development of
aeolian activity in the central Tibetan Plateau is influenced
by regional humidity, which is dominated by ISM.

6 CONCLUSION

The grain size end-member modeling of the Lake Selin Co’s
SL-4 core gives important independent information about
changes in aeolian activity in the central Tibetan Plateau
since 3,900 cal yr BP. The observed GSDs are subdivided
into statistically robust EMs, each of which is associated
with a distinct source region and transport process,
i.e., long-term suspension component sources (EM1), fine
catchment river/runoff sources (EM2), and coarse fraction
from aeolian and river/runoff sources (EM3). The temporal
variation in EM3-relative abundance is proposed to be a

FIGURE 10 | Spectral results of proxy records. From top to bottom: EM3
fraction, δ18O of stalagmites from the Bittoo Cave (Kathayat et al., 2016), and
westerlies climate index (An et al., 2012). Shaded bars indicate highly coherent
spectral peaks.
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valuable indicator of aeolian activity over the central Tibetan
Plateau. Remarkable aeolian activity occurred during
3,200–2,900 cal yr BP, 2,400–1,400 cal yr BP, and after
130 cal yr BP. According to the study’s findings, dry and
cold climate conditions favor aeolian activity. Additionally,
aeolian activity in the central Tibetan Plateau was directly
related to solar insolation. Since 3,900 cal yr BP, aeolian
activity in the central Tibetan Plateau had been formed
under conditions that resulted in the Indian summer
monsoon weakening and the westerlies strengthening
compared with other proxies.
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Biomarker Records From Eocene
Lacustrine Sequence in the Eastern
Tibet Plateau and Its Implication for
Organic Matter Sources
Jingyi Wei1,2, Yongli Wang1*, Gen Wang3*, Zhifu Wei3, Wei He3, Ting Zhang3, Xueyun Ma3,2,
Pengyuan Zhang1,2, He Ma1,2, Xiaoli Yu3,2, Shangkun Li3,2 and Lun Li3,2

1Key Laboratory of Cenozoic Geology and Environment, Institute of Geology and Geophysics, Chinese Academy of Sciences,
Beijing, China, 2University of Chinese Academy of Sciences, Beijing, China, 3Key Laboratory of Petroleum Resources, Gansu
Province/Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences, Lanzhou, China

The Eocene is the initial stage of the Cenozoic global cooling. Compared with the abundant
marine records, the continental records of Eocene are scarce. Throughout the Eocene, a
series of continuous deposition of gypsum and volcanic tuff-bearing red clastic sediments
have developed in the Nangqian Basin (NB). In this work, representative sediments were
collected from the NB, and lipid biomarkers and compound-specific carbon isotopes of
n-alkanes were analyzed. Based on the robust paleomagnetic age–depth model, from the
early to the late Eocene, the compound-specific carbon isotopic compositions (δ13C23 and
δ13C25) increased with the sedimentary facies changed. At the same time, the relative
proportion of mid-chain length to the long-chain length homologs (Paq) decreased, and
the peak carbon number (Cmax) shifted from nC21, nC22 or nC23 to nC16, nC25, nC27, or
nC31. We ascribed these variations to the climate drying and water level turning high as
indicated by the lithology change from fluvial to lacustrine facies and the terrestrial inputs
from neighboring mountain belts in the middle–late Eocene. Moreover, we compared our
n-alkane results with other records from the TP and the global sea level and marine benthic
δ18O. We found that a nearly synchronous deformation and drying of the eastern TP
caused by the India–Asia collision in the early Eocene was closely related to the arid
conditions and topographically changed in the northern TP. The climate variations in the
Eocene in the NB were mainly controlled by the global climate change and the uplift of the
TP and affected by the Paratethys Sea on a long scale.

Keywords: Nangqian Basin, Eastern Tibet Plateau, organic geochemistry, Eocene, lacustrine sediments

INTRODUCTION

The Eocene, which is the initial stage of the Cenozoic global climate from a “greenhouse” state to an
Oligocene “icehouse” state, is considered as a “doubthouse” of global climate conditions (Zachos
et al., 2008; Westerhold et al., 2020). Most of the continuous long-scale records for the Eocene
paleoclimate are from ocean boreholes (Ogg and Bardot, 2001; Florindo and Roberts, 2005;
Suganuma and Ogg, 2006; Edgar et al., 2010) and marine outcrops (Dallanave et al., 2009;
Hollis et al., 2013; Agnini et al., 2016). In comparison with various marine records, the climate
change from the evidence of lacustrine records during the Eocene, especially in the Tibetan Plateau
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(TP), is little known. Recently, various geochemical records from
the TP have been reported. In the northeastern TP, the Eocene
strata and related paleoclimate of the Xining (Dai et al., 2006;
Fang et al., 2019), Linxia (Feng et al., 2021; Feng et al., 2022), and
Qaidam basins (Fang et al., 2019; Wu et al., 2021) have been
reported. Based on these paleoenvironmental records, several
mechanisms were formulated to interpret the environmental
changes (Bosboom et al., 2011; Bosboom et al., 2014; Ding
et al., 2014; Kaya et al., 2018; Westerhold et al., 2020).
Furthermore, the Cenozoic sedimentary basins, especially the
basin in the eastern Qiangtang Terrane, can provide an excellent
record of the early India–Asia collision history during the
Paleogene (Tang et al., 2017; Li et al., 2019; Li et al., 2020a;
Xiong et al., 2020).

The Nangqian Basin (NB) (~32–33oN, ~96oE), in the
eastern TP currently, contains a long and continuous
sequence of the Eocene sediments (Horton et al., 2002; Li
et al., 2019; Zhang et al., 2020). Most importantly, the NB is the
intersection of the East Asian Monsoon (EAM), the Indian
Monsoon (IM), and the westerlies but also the junction of the
humid monsoon region in Eastern China, the arid inland
region in Northwest China, and the alpine region of the TP,
which is very sensitive to the changes of the environment and
climate (Horton et al., 2002; Li et al., 2019). The early Cenozoic
successions of gypsum and volcanic tuff-bearing red clastic
sediments in the NB provide precious climatic and
environmental archives (QBGMR, 1991; Horton et al., 2002;
Zhang et al., 2020). Many works on the Cenozoic
paleoenvironment and paleoclimate of the TP have been
carried out in the NB, including the lithofacies, evaporate
minerals, magnetostratigraphy, pollen-spores, clay minerals,
major and trace elements, clumped isotope, carbonate oxygen,
and carbon isotopes, which suggest that, with the rising
altitude, the climate gradually became arid and cold in the
eastern TP during the Eocene (Du et al., 2017; Yuan et al., 2017;
Li et al., 2019; Fang et al., 2020; Yuan et al., 2020a; Zhang et al.,
2020; Zhao et al., 2020). However, due to the lack of long
sedimentary sequence and robust age constraints, the driving
mechanism of the climate change is not clear.

In addition to the proxies mentioned before, lipid
biomarkers originate from organisms directly, which can
respond to the environment rapidly, and can be preserved
in sediments stably, indicating that they preserved reliable
climate records (Moldowan et al., 2005; Peters et al., 2007; Liu
et al., 2015; He et al., 2020, Wang et al., 2021a, Wang et al.,
2021b). n-Alkanes have high abundance in organisms, which
can be preserved in lacustrine sediments for millions of years,
and their original isotopic signals can also be well preserved
(Chikaraishi and Naraoka, 2003; Aichner et al., 2010;
Castañeda and Schouten, 2011; Sachse et al., 2012; Ouyang
et al., 2015). For example, Liu et al. (2018) used Paq, ACL, and
δD to determine the source of sedimentary n-alkanes and
study the degree of water mass restriction (open or closed) of
an ancient lake basin. Rao et al. (2016) demonstrated a
complex relationship between the isotopic composition of
precipitation and the precipitation amount or East Asian
summer monsoon intensity by applying the compound-

specific carbon and hydrogen isotopes of terrestrial long-
chain n-alkanes. Lin et al. (2020) applied detrital zircon
U–Pb geochronology and leaf wax n-alkane δD to analyze
the surface uplift history of the Hoh Xil Basin. The n-alkanes
and the corresponding compound-specific isotopic
compositions display the application of reconstructing the
paleoclimate and paleotopography in lacustrine sediments in
the TP.

In the present study, the age–depth framework of the NB has
been constrained by high-resolution palaeogeomagnetic records
with absolute ages (Horton et al., 2002; Spurlin et al., 2005; Zhang
et al., 2020). We applied the lipid biomarker (n-alkanes) and the
corresponding compound-specific carbon isotopic compositions
to reflect the variations of organic matter sources and their
corresponding paleoclimate conditions. Moreover, we
compared our results with other records from the TP during
the Eocene to discuss the possible driving mechanisms from the
perspective of biological variations.

GEOGRAPHIC AND STRATIGRAPHIC
SETTING

Geological Setting
The current NB, located on the border between the Qinghai
Province and the Tibet Autonomous Region, is about
4,500–5,000 m (Figure 1A). The India–Asia collision formed
north-eastward extrusion, which facilitated a series of
contraction deformation and strike-slip faults in the eastern
Tibet, including the Yushu–Nangqian thrust belt and the
Jinshajiang strike-slip fault system (Hou et al., 2003; Yin and
Harrison, 2003; Spurlin et al., 2005). The NB is one of the series of
narrow, elongated Paleogene basins in the Yushu–Nangqian
region between the Songpan–Ganzi and Qiangtang terranes
(Figures 1B,C). It is ~80 km long in the south–north direction
and ~15 km wide in the east–west direction (QBGMR, 1991;
Horton et al., 2002; Yuan et al., 2020).

The NB is characterized by a continental seasonal monsoon
climate today and impacted by the Asian Monsoon (mainly the
Indian Monsoon) (Li et al., 2019). The average annual
temperature is 4.1°C, and the average annual precipitation is
538.1 mm, based on the observation from the nearest
meteorological station from 1961 to 2013 (Hou et al., 2003;
Wang et al., 2012; Wei and Han, 2015). The modern soils of
the surrounding mountains and the basin surface are dark brown
soils and steppe soils, respectively (CAS-TPET, 1985; Xiong and
Li, 1990).

The Paleogene strata in the NB are characterized by prominent
red beds, which contain limestone/marlite, gypsum, volcanic
rock, and tuff (Horton et al., 2002; Li et al., 2019). The
Neogene—Quaternary only appears sporadically in or near
Paleogene basins along the Jinshajiang suture belt and is
dominated by light-colored (yellow–green–gray) fluvial-
dominated sediments with coals (QBGMR, 1991; Horton et al.,
2002; Yuan et al., 2020a). A clear regional unconformity exists
between the Paleogene and the Neogene—Quaternary (QBGMR,
1991; Horton et al., 2002; Zhang et al., 2020).
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Chronology
The NB contains three parts of the Paleogene deposits
(QBGMR, 1991; Horton et al., 2002). Zhang et al. (2020)
provided well-dated palaeogeomagnetic age of the section
and the absolute age was tested using the method of zircon
U–Pb dating. The lower section is dominated by brownish-red
fine conglomerates, sandstones, and siltstones–mudstones, with
a depth of 1,050–690 m and age of 52.5–48.0 Ma. Reddish luvic
paleosols cover fine sandstone and siltstone–mudstone, with
thin limestones occasionally observed (QBGMR, 1991; Horton
et al., 2002; Zhang et al., 2020). A 20 m-thick andesite with an
Ar–Ar age of 51.2 ± 0.2 Ma appears near the basement (Horton
et al., 2002; Spurlin et al., 2005). The middle part is mainly
composed of marl and limestones intercalated with reddish
siltstone–mudstone, with a depth of 690–400 m and age of
48.0–43.3 Ma (Horton et al., 2002; Spurlin et al., 2005; Zhang
et al., 2020). The upper part is mainly purplish-red gypsum
mudstone, intercalated with a large number of thin siltstone and
gypsum layers and occasionally with thin dolomite layers
(QBGMR, 1991; Horton et al., 2002). The depth of the upper
part is 400–0 m and the age of that is 43.3–35 Ma (Zhang et al.,
2020). Volcanic tuff rocks were found in this part, with an
Ar–Ar age of 38.2 ± 0.1 Ma (Horton et al., 2002; Spurlin et al.,
2005) and a zircon U–Pb age of 37.3 ± 0.56 Ma (Zhang et al.,
2020). The lithological change is interpreted as a gradual
transition drought from a braided river, alluvial fan, and
ephemeral shallow pond/lake environment to a semi-brackish
lake in a distal floodplain and finally to playa mudflat and saline
lake environments (Figure 2B).

SAMPLING AND METHODS

The Nangqian section is located along the Zhaqu River with a
total thickness of 1050 m (Figure 1). According to lithology, a
total of 67 bulk samples were selected. The 67 sediment samples
were collected from 52.5 to 35 Ma in a depth interval from 0 to
1,050 m. Before collecting samples, the weathering denudation
surface was knocked out with a geological hammer. Then, fresh
samples were obtained and put into degreasing cloth bags for
storage.

Biomarker Analyses
In this study, 22 samples were tested for biomarker analyses
(Supplementary Table S1). The 22 samples are divided into
two sections. There are 12 samples in the lower section (age
51.8–46.4 Ma) and 10 samples in the upper section (age
42.3–35.5 Ma).

The extraction process of biomarkers is as follows: the bulk
samples were extensively cleaned to remove any possible
contamination from recent organic material and crushed to
fine powder larger than 100 mesh. Powdered samples (~400 g)
were weighed into pre-extracted filter paper thimbles (the filter
paper was extracted using a Soxhlet extractor with DCM for 72 h
previously) and Soxhlet extracted at 50°C continuously for 72 h
using a Soxhlet extractor (DCM:MeOH = 9:1, v:v). The glassware
used in this experiment, such as injection bottle, weighing bottle,
and conical bottle, had been washed with acetone, rinsed with
clean water and ultrapure water, dried in an oven, sealed with
clean tinfoil, and then, burned (400°C for 5 h) in a muffle furnace

FIGURE 1 | (A) Location and (C) geological map of the Nangqian Basin and (B) neighboring basins in the eastern Tibetan Plateau. Both (B,C) are modified from the
work of Horton et al. (2002).
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previously. Tweezers and other tools were washed with DCM
2–3 times before used.

Total lipid extracts were loaded onto a solid phase extraction
column (ANPEL, silica gel 500 mg). The n-alkanes were eluted
with n-hexane (5–10 ml). After drying n-alkanes, 1 μL of the
sample in hexane was injected into a GC–MS-QP2020NX
(Shimadzus, Japan). This instrument was equipped with an
Rtx-5 MS gas chromatograph which was fitted with a 30 m ×
0.25 mm i. d. fused silica capillary column, coated with a film
(0.25 μm) of 5% phenyl-methyl-DB-5. The carrier gas was
99.995% high purity helium, and the control mode was linear
velocity. The heating program was set as follows: initially at 80°C
for 2 min, rapidly increased to 210°C at a rate of 4°C/min, then
increased from 210 to 295°C at a rate of 3°C/min, and held at
295°C for 20 min. The column flow rate was 1.0 ml/min, and the
injection volume was 1 μL. The diversion mode showed no
diversion. The MS was operated with ionization energy of
70 eV, and the temperature of ion source was 250°C. The

GC–MS was tuned using perfluorotributylamine (PFTBA) and
blank samples were analyzed to check the background. The
interface temperature of GC–MS was 300°C. The solvent delay
was set to 2 min. Both GC–MS scan and GC–MS single ion
monitoring mode (SIM) were used for acquisition.

Compound-Specific δ13C Analyses
According to the preliminary results of 22 biomarkers, 23 samples
were selected for the test of compound-specific carbon isotopic
compositions (Supplementary Table S1). There were 12 samples
in the lower section and 11 samples in the upper section. The
extraction process of n-alkanes for compound-specific carbon
isotopic compositions was the same as that described in
Biomarker Analyses.

The test of carbon isotopic values of individual n-alkanes was
finished on a GC (Agilent 6,890) coupled to an isotope ratio mass
spectrometer (IRMS, Thermo Scientific MAT 253) via a
combustion interface (GC Combustion Ⅲ) (Key Laboratory of
Petroleum Resources Research, Chinese Academy of Sciences).
High-purity helium was used as a carrier gas at 2 ml min−1. The
gas chromatograph was fitted with a 30 m × 0.32 mm i. d. fused
silica capillary column, coated with a film (0.25 μm). The oven
temperature was programmed to be initially held at 80°C for
3 min, increased to 300°C at a rate of 3°C/min, and held for
another 30 min. Individual compounds were oxidized at 940°C
when flowing through an oxidation ceramic micro-reactor filled
with twisted wires (NiO/CuO/Pt). Three pulses of standard pure
CO2 gas, pre-calibrated against a commercial reference CO2, were
injected via the GC-C III interface to the IRMS for the
computation of δ13C values of sample compounds. A set of
n-alkanes (n-alkane mixture type A7) with known δ13C values
acquired from Indiana University were measured daily to ensure
the accuracy of the machine. The standard deviation for duplicate
analyses of this standard was <± 0.3‰. The δ13C values were
reported with reference to the PDB standard. The resolution of
hydrocarbon peaks obtained during GC–IRMSwas similar to that
obtained in GC–MS analysis.

Calculation of Biomarker Proxies
As for the biomarker proxies, the index of proportion of aquatic
plants (Paq, Ficken et al., 2000) values was calculated as follows:

Paq � (nC23 + nC25)/(nC23 + nC25 + nC29 + nC31).
The carbon preference index (CPI) values of the extracted

long-chain n-alkanes (nC26 to nC34) were calculated using a
modified formula of Cranwell (1984) and Ratnayake et al.
(2006) as follows:

CPI � 1/2[ (nC27 + nC29 + nC31 + nC33)/(nC26 + nC28 + nC30 + nC32)
+(nC27 + nC29 + nC31 + nC33)/(nC28 + nC30 + nC32 + nC34)].

The average chain length (ACL) values were calculated using a
modified formula of Poynter et al. (1989) as follows:

ACL27−33 � (27 × nC27 + 29 × nC29 + 31 × nC31 + 33 × nC33)/
× (nC27 + nC29 + nC31 + nC33).

FIGURE 2 | Lithofacies (A) and sedimentary facies (B) of the Paleogene
sedimentary sequence in the NB. The magnetostratigraphy (C–E) is modified
from the work of Zhang et al. (2020). The Ar–Ar and U–Pb ages are from the
work of Horton et al. (2002), Spurlin et al. (2005), and Zhang et al. (2020).
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RESULTS

The distribution patterns of n-alkanes in the NB sediments are
shown in Figure 3. The distribution of n-alkanes in the 12
samples of the lower section is mainly unimodal and
maximized at nC21, nC22, or nC23. The distribution of

n-alkanes in the other 10 samples of the upper section is
mainly bimodal and mainly maximized at nC16, nC25, nC27,
or nC31.

The Paq and CPI values of the two sections changed
significantly (Figures 4B,D). In the lower section, the Paq
values were between 0.72 and 0.92, with an average of 0.82. In

FIGURE 3 | Distribution patterns of n-alkanes in the NB.

FIGURE 4 |Climate and environmental proxy records of ACL (A), Paq (B), Cmax (C), CPI (D) proxies, and compound-specific carbon isotopic compositions of nC23

and nC25 (E,F) in the NB. LOESS Fit (0.5 span for a, b, and d, 0.4 span for e and 0.55 span for (F). The green and yellow shaded areas mark the lower section and the
upper section.
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the upper section, the Paq values were between 0.26 and 0.68, and
the average value was 0.47. Meanwhile, the average value of CPI
increased from the lower section to the upper section, with an
average of 1.90 to an average of 2.90.

In Figures 4E,F, compound-specific carbon isotopic
compositions (δ13C23 and δ13C25) were heavier in the upper
section than those in the lower section. From the lower to the
upper section, the average of δ13C23 changed from −34.69‰ to
−30.79‰, and δ13C25 showed a similar increase from an average
of −33.26‰ to an average of −28.16‰.

DISCUSSION

Degradation Degree of n-Alkanes in the
Nangqian Basin
For n-alkanes, their typical odd-to-even preference in the long-
chain part suggests a low degree of degradation (Luo et al., 2012;
Duan et al., 2020). In sediments, CPI >1 means a predominance
of odd over even chain lengths (Eglinton and Hamilton, 1967).
Sediments from the upper section of the NB are characterized
with CPI >1, except for the top three samples (age of 35.5, 35.9,
and 37.0 Ma), indicating a low degree of degradation. In the lower
section, although the CPI >1 was not remarkable, the odd-to-even
preference is still observed in the low proportion of the long-
chain n-alkanes (according to the distribution patterns in
Figure 3). Combined with the analysis of organic sources
reflected by the distribution patterns of n-alkanes, the low CPI
values in the lower section was the result of the small input of
terrestrial plants, which made the odd-to-even preference in the
long-chain n-alkanes difficult to observe. Therefore, it can be
concluded that the degradation of n-alkanes in this study would
not affect the restoration of paleoenvironment.

Variations in Biomarker Proxies and δ13Calk
Previous studies have shown that the mid-chain length n-alkanes
are mainly from aquatic plants, such as submerged and floating
plants (Meyers and Ishiwatari, 1993; Ficken et al., 2000; Yu et al.,
2021). However, the contribution of terrestrial plants to the mid-
chain n-alkanes is inevitable, especially in the upper section
(Figure 3). Nevertheless, the carbon source of terrestrial plants
is atmospheric CO2 and that of aquatic organisms is HCO3

−

(Meyers and Ishiwatari, 1993; Meyers, 2003; Wang et al., 2013),
possibly resulting in the different composition of δ13C values. The
δ13C value of HCO3

− is heavier than that of atmospheric CO2,
leading to more negative δ13C values of terrestrial plants,
indicating that if the δ13C value of mid-chain n-alkanes (nC23

and nC25) was seriously influenced by terrestrial plants, more
negative δ13C values were likely to be observed in the upper
section. However, the δ13C value of mid-chain n-alkanes (nC23

and nC25) increased in the upper section, displaying an opposite
trend, which indicates that the influence of terrestrial plants on
the compound-specific carbon isotopic compositions of the mid-
chain n-alkanes was limited. Therefore, in this study, we proposed
that the nC23 and nC25 were contributed by the aquatic plants.

Jiang et al. (2021) investigated the δ13Corg values of surface
sediment samples from 55 lakes in the mid-latitude Asia to

establish the relationship between the δ13C value of aquatic
organisms and water depth in lacustrine settings. In freshwater
and brackish lakes, δ13Corg variation resembles an arched pattern
with depth, with relatively positive δ13Corg values corresponding
to the depth of ~1–10 m. According to the sedimentary facies in
the NB (Figure 2B), it transited from the braided river, alluvial
fan, and ephemeral shallow pond/lake environment to a semi-
brackish lake in a distal floodplain predominates, suggesting that
the lake level in the NB in the mid–late Eocene was higher than
that in the early Eocene. The lake water level recorded by δ13C23

and δ13C25 is consistent with the variations of sedimentary facies
(Figures 4E,F), showing a relative higher water level in the
mid–late Eocene.

In addition, n-alkanes can truly reflect the input
characteristics of parent material sources (Meyers, 2003).
Ficken et al. (2000) proposed the Paq index to indicate the
non-emergent (submerged and floating-leaved) aquatic plants
input to lake sediments relative to that from the emergent
aquatic and terrestrial plants, which expresses the relative
proportion of mid-chain length (nC23, nC25) n-alkanes to
long-chain length (nC29, nC31) homologs. Further studies
have indicated that the Paq value can be used to represent
the effective moisture and water level, and basically, the larger
the Paq, the more hydrocarbon input from aquatic organisms,
the more precipitation and the wetter climate (Nichols et al.,
2006; Pu et al., 2011; Zheng et al., 2007). In the Linggo Lake, the
high Paq with the heavy δDalk implied abundant precipitation
brought by the westerlies, indicating that the Linggo Lake was at
a high water level under a humid environment (Hou et al.,
2003). In the present study, the average value of Paq decreased
from 0.82 (ranging from 0.72 to 0.92) to 0.47 (ranging from 0.26
to 0.68) (Figure 4B). The decrease of Paq in the NB is contrary
to the high water level as recorded by sedimentary facies and
compound-specific carbon isotopic compositions, which
implied that the Paq values were affected by other factors
(Liu et al., 2015).

Judging from the provenance analysis of sediments in the NB
(Zhang et al., 2019), the initially accumulated sediments of the NB
has changed from relatively small internal drainage networks and
short main-stem rivers in this region in the Paleocene to the
nearby thrust belts in the Eocene (Horton et al., 2002; Spurlin
et al., 2005). Based on the stable and clumped isotopic evidence of
carbonates, the NB was 2.7 (+0.6/−0.4) km in elevation while the
hypsometric mean elevation of surrounding mountains was 3.0 ±
1.1 km above sea level during the late Eocene (Li et al., 2020b). In
addition, palynology records indicated that the high-elevation
genus Tsugaepollenites presented in the Ria Zhong section in the
NB in the late Eocene (Yuan et al., 2020a; Yuan et al., 2020b). In
addition, the crustal deformation and thickening induced by
intracontinental subduction between the Lhasa and Qiangtang
terranes caused a rapid uplift of the CentralWatershedMountain,
associated with the regional climate change transforming the
landscape from desert to forest in the Gonjo Basin (Xiong et al.,
2020). In view of the previous studies, the specific tectonic settings
can further explain this topographic difference in the NB. Spurlin
et al. (2005) proposed that a nearly 40% upper-crustal shortening,
occurring in the early Cenozoic, was observed over the area,

Frontiers in Earth Science | www.frontiersin.org April 2022 | Volume 10 | Article 8490416

Wei et al. Organic Geochemistry Records from Tibet

151

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


which accounted for most of the surface uplift of the Nangqian
region. Horton et al. (2002) proposed that the fold-thrust belts
were the consequence of contraction triggered by the India–Asia
collision. Based on the previous studies, in the mid—late Eocene,
the Nangqian region appeared as small intermontane sub-basins
and received plentiful terrestrial sediments from the neighboring
mountain belts. The Paq, ACL, and Cmax contain the common
information of terrestrial plants from nearby mountains and
aquatic plants from the playa lake/mudflat, so the water level
was no longer the sole factor affecting Paq. This explained why
Paq values showed the opposite result of sedimentary facies when
interpreting the water level.

Evaporite minerals are also sensitive to environmental and
climatic changes (Warren, 2000, 2006; Meister et al., 2011; Zhu
et al., 2021; Zhang et al., 2021; Zhang et al., 2022). In the
mid—late Eocene, gypsum, a typical evaporite mineral,
indicated a dry climate in the NB, which was absent in the
early Eocene (Yuan et al., 2020b; Zhang et al., 2020). The adjacent
areas, such as the Gonjo Basin, Qaidam Basin, and Tarim Basin,
showed a succession of gypsiferous red beds with an upward
increase in evaporites (Wang et al., 2008; Wang et al., 2016; Tang
et al., 2017; Li et al., 2020a; Xiong et al., 2020), further suggesting
an increasingly arid climate.

To sum up, the climate in the early and mid—late Eocene was
completely different. In the early Eocene, the terrain was generally
low and flat, with a humid climate and low water level. After the
tectonic movements caused by the India–Asia collision, the NB

and surrounding areas appeared as small intermontane sub-
basins, characterized by an arid climate.

Driving Mechanisms of Eocene Climate
Variations in the Eastern Tibetan Plateau
From the early to the late Eocene, the sedimentary facies and the
water level recorded by compound-specific δ13C in the present
study implied a notable climate transition from humid to arid
conditions and a topographical change in the eastern TP.

Previous studies have indicated that three main forcing
mechanisms, including the uplift of the Tibetan Plateau, the
retreat or incursion of the Paratethys Sea, and global cooling,
may be responsible for the change (Bosboom et al., 2011;
Bosboom et al., 2014; Ding et al., 2014; Kaya et al., 2018;
Westerhold et al., 2020).

The global cooling could be a first-order control in the NB
beyond the impact of the India–Asia collision and the retreat or
incursion of the Paratethys Sea. The global cooling reduced
evaporation from the sea and thus the water vapor flux to the
air (Fang et al., 2019; Westerhold et al., 2020). The rapid global
sea level fall accompanied by the shrinking of the sea area
increased the distance from the study area to the sea, which
reduced the marine-derived water vapor supply (Miller et al.,
2020). Via the modulation of the water vapor supply by the
westerlies, the long-term global cooling in the Eocene reduced the
water vapor supply to the continental and, thus, caused further

FIGURE 5 | Summarized paleoclimatic records of the Eocene in the Tibetan Plateau. (A) sedimentary facies in the Nangqian Basin (this study); (B) red and blue dots
and corresponding fitted curve (0.4 span for nC23 and 0.55 span for nC25) indicating the δ13C of mid-chain alkanes nC23 and nC25 from the Nangqian Basin (this study),
and the δ13C values averaged over the three long-chain alkanes nC27, nC29 and nC31 from the Qaidam Basin (Sun et al., 2020); (C) Tectonic rotational history of the
northeastern central TP, based on mean declination of every 1 Ma stratigraphic interval of the NB (Zhang et al., 2020); (D) the sediment accumulation rates of the
Gonjo Basin (Li et al., 2020); (E) Clay mineral assemblages in the Qaidam Basin and Xining Basin, respectively (Ye et al., 2018; Fang et al., 2019) (3-point running
averages for kaolinite and chlorite); (F) S-ratio for the DHJ section in the Linxia Basin (Feng et al., 2021); (G) the sediment accumulation rates of the Linxia Basin (Feng
et al., 2022); (H) (Smectite + I/S)/illite ratios in the Hongliugou and Xiejia sections in the Qaidam and Xining Basins, respectively (Fang et al., 2019).
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drying in the NB. Furthermore, the good correlation between the
water level and climate in the NB, the northeastern TP, and the
global climate proxies implied that the global climate system
served as the main driver of climate variations in the study area
(Westerhold et al., 2020; Figure 5H, Figure 6A–D).

Exploring the past topography is essential for disentangling
the complex interactions between orography and climate (Fang
et al., 2019; Xiong at el., 2020; Wu et al., 2021). Our records
reflected a significant early Eocene deformation and climate
change in response to the India–Asia collision. From the
paleomagnetic evidence, a counterclockwise rotation of 25.9 ±
7.2° during 52–46 Ma supported the basin deposition, rotation,
and volcanism by northward compression and eastward
extrusion of the eastern Lhasa and Qiangtang Blocks as early
response to the India–Asia collision (Figure 5C). During
~52–48 Ma, a relatively high sedimentation rate in the Gonjo
Basin suggested an active tectonic setting in the eastern TP, which
coincided with the clockwise rotation (Figure 5D, Li et al.,
2020b). Interestingly, a relatively low sedimentation rate
appeared in the Gonjo Basin at ~48–41 Ma, which coexisted
with a rapid sedimentation rate decrease in the Linxia Basin at
~47–40 Ma (Figure 5G). The paleomagnetic results in the Xining
Basin revealed a stable tectonic setting with no significant rotation
at ~48–41 Ma (Dupont-Nivet et al., 2008). In addition, an arid
environment appeared at ~49.5–47 Ma in the Qaidam Basin and
Xining Basin recorded by palygorskite, kaolinite, and chlorite
(Figure 5E, Ye et al., 2018; Fang et al., 2019) and at 47.6 Ma in the
Linxia Basin recorded by the S-ratio (Figure 5F, Feng et al., 2021),

which coincided with arid climate conditions recorded by
transitions of sedimentary facies in the NB (Figure 5A),
suggesting a nearly synchronous deformation and climate
change across the eastern and northern Tibetan Plateau in the
early Eocene. These analyses show that the India–Asia collision
could be the most direct factor of climate change in the NB, and
the eastern TP.

A vast shallow epicontinental sea extended across Eurasia and
was well-connected to the Western Tethys before it retreated
westward and became isolated as the Paratethys Sea during the
Paleogene (Bosboom et al., 2014). It regulated the hydrological
cycle in Central Asia by the westerlies, so the westward retreat of
this sea was as important as the Tibetan Plateau uplift in forcing
aridification in the Asian continental interior (Dupont-Nivet
et al., 2007). Previous studies on the Tarim and Tajik basins
indicate that there were three sea-level cycles during 52–35 Ma
(Figure 6E) (Bosboom et al., 2014; Kaya et al., 2018). However,
due to the lack of data in our section between 46 and 43 Ma, it is
difficult to assess the impact of Paratethys Sea on the aridity of the
eastern TP. For all that, the influence of Paratethys Sea would be
long-term and gradual, and the stepwise sea retreat from Central
Asia amplified the aridification of the Asian interior (Bosboom
et al., 2014; Carrapa et al., 2015; Sun et al., 2016; Kaya et al., 2018).
From Figure 2A, the trend of gradual drought in the NB has been
well recorded by the lithology change. Although the retreat or
incursion of the Paratethys Sea failed to compare with the organic
records in NB, it is still an important factor worthy of further
research.

FIGURE 6 | (A) Sedimentary facies in the Nangqian Basin (this study); (B) red and blue dots and the corresponding fitted curve indicating the δ13C of mid-chain
alkanes nC23 and nC25 from the Nangqian Basin (this study); (C) global sea level curve (Miller et al., 2020); (D)marine benthic oxygen isotopic compositions (Westerhold
et al., 2020); (E) sea level of the Paratethys Sea (Bosboom et al., 2014).
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In general, our observations recorded a significant change in
sedimentary facies from braided river facies to brackish lake facies
in the early-mid Eocene in the eastern TP. At the same time, the
compound-specific carbon isotopic compositions of n-alkane
(δ13C23 and δ13C25) recorded the rise of the lake level. In the
mid–late Eocene in the NB, the terrestrial input in the sediments
increased, which corresponded to the climate drying and
topographic change at this time. In comparison with three
main driving mechanisms, our records were consistent with
global climate changes, related closely with the India–Asia
collision in the early Eocene, and the relevance with
Paratethys Sea needs further study. We claim that the climate
variations in the Eocene in the study area were mainly controlled
by the global climate change and the uplift of the Tibetan Plateau,
but the impact of the Tethys Sea cannot be ignored.

CONCLUSION

We applied the n-alkanes and the compound-specific carbon
isotopic compositions in the NB to reflect the paleoclimate
conditions in the eastern Tibet Plateau. From our multi-proxy
records, we came to the conclusion that the NB underwent
rapid drying from the early to the mid–late Eocene. The
compound-specific carbon isotopic compositions (δ13C23

and δ13C25) were affected by the water level deepening and
showed a rapid positive. From the n-alkene records in the NB,
the type of aquatic organism in the Eocene lacustrine sequence
had an evident change from submerged and floating plants to
emergent and terrestrial plants, responding to climate drying
and orographic uplifting. Meanwhile, the lithofacies changed
from the braided river, alluvial fan, and ephemeral shallow
pond/lake environment to a semi-brackish lake in a distal
floodplain and finally to playa mudflat and saline lake
environments. We regard the change of multi-proxy records
by n-alkenes consistent with the sedimentary facies change and
aridity in the NB and responded synchronously in the
northern TP, which was mainly controlled by the global

cooling and the uplift of the Tibetan Plateau and affected
by the Paratethys Sea on a long scale.
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Paleoclimate Variations Spanning the
Past 29–4Ma Inferred From Lipid
Biomarkers and Carbon Isotopes in
the Linxia Basin, Northeast Tibetan
Plateau
Gen Wang1,2, Zhifu Wei1,2*, Ting Zhang1,2, Wei He1,2, Xueyun Ma1,2, Xiaoli Yu1,2 and
Yongli Wang3*

1Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences, Lanzhou, China, 2Key Laboratory of
Petroleum Resources, Lanzhou, China, 3Key Laboratory of Cenozoic Geology and Environment, Institute of Geology and
Geophysics, Chinese Academy of Sciences, Beijing, China

Thick and continuous deposits in the Linxia Basin, located in the landing area of westerlies
and monsoons, offer a good opportunity for understanding the climatic evolution and
tectonic activities. However, detailed paleoclimate reconstruction based on lipid
biomarkers was rare, which limited our further knowledge, even though there were
some relevant reports regarding pollen assemblages, microbial communities. In the
present study, we conducted systematic analyses on the lipid biomarkers and carbon
isotope values of the sediments, in an effort to reconstruct the evolution history of
paleoclimate and figure out the potential driving mechanism. Our results showed that
the organic matter was from mixed sources including lower organisms and terrestrial
higher plants. The organic matter sources varied in response to the change of paleoclimate
conditions as revealed by the lipid-derived proxies and organic carbon isotopes.
Significant climatic events like late Oligocene Warming, Mid-Miocene Climatic Optimum
and aridification at ~8.5 Ma were observed throughout the sequence. Our results further
indicated that the paleoclimate conditions in the study area primarily followed the pace of
long-term global cooling, and the aridification at ~8.5 Ma was associated with the uplift of
the Tibetan Plateau.

Keywords: late oligocene, n-alkanes, organic matter, stable organic carbon isotopes, aridification

INTRODUCTION

The increasing research hotspots of global environment and climate change has recently received a
great attraction. Especially since the late Cenozoic, a series of major geological events have taken
place on the earth, resulting in great changes in global climate and environment, such as global
cooling (Miller et al., 1987; Miller et al., 1991; Zachos et al., 2001; Molnar et al., 2010; Haider et al.,
2013; Zhuang et al., 2014; Kern et al., 2016), the aridity in north America and Asia (Ruddiman and
Kutzbach, 1989; Manabe and Broccoli, 1990; Kutzbach et al., 1993; Rea et al., 1998; Wu et al., 2007;
Wan et al., 2010; Tang et al., 2011; Kita et al., 2014; Jia et al., 2015), formation of the Asian monsoon
(Quade et al., 1989; Li, 1995; An et al., 2001; Liu et al., 2008; Miao et al., 2011; Miao et al., 2012; Miao
et al., 2013b; Liu et al., 2013; Li et al., 2014; Sun et al., 2014; Liu et al., 2015). Among these geological
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events, the aridity in North America and Asia is a major scientific
problem, which has the most profound and direct impact on
human living environment. As the largest temperate arid zone in
the world, the onset time, evolution sequence, formation process
and driving mechanism of aridity in inland Asia are the research
hotspots of environmental change in the NorthernHemisphere of
Cenozoic era.

In terms of the development trend of inland aridity in Asian,
the key scientific problem to be resolved is to reveal the onset
time, evolution sequence, formation process of inland aridity in
Asian (Sun andWang, 2005), so as to explore its relationship with
the driving mechanism (Boos and Kuang, 2010; Shi et al., 2011;
Miao et al., 2012; Li et al., 2014). There have been different views
on the driving mechanism of the evolution of Asian inland aridity
in the late Cenozoic. At present, it is mainly reflected in three
aspects: the uplift of the Tibet Plateau, the global cooling of the
Cenozoic and the retreat of the Paratethys Sea. Previous studies
have shown that the uplift of the Tibetan Plateau, the global
cooling of the Cenozoic (the expansion of the arctic ice cap) and
the evolution and retreat of the Paratethys Sea have undoubtedly
played an important role in the formation and intensification of
inland aridity in Asia (Sun et al., 2008; Bosbom et al., 2011; Qiang
et al., 2011; Miao et al., 2012; Chi et al., 2013; Haider et al., 2013;
Bosbom et al., 2014a; Bosbom et al., 2014b; Bosbom et al., 2014c;
Li et al., 2014; Sun et al., 2014; Zhang et al., 2015). However,
owing to the different sensitivity of different climatic indicators
and the sparse of complete and continuous records, the primary
driving mechanism for the evolution of inland aridity in Asian is
still under debate.

The use of fossil molecules, such as n-alkanes, alkanoic
acids, alkenones, GDGTs and those derived from specific
biological sources, and δ13C values of TOC to reconstruct
paleoclimate has become an important part of molecular
stratigraphy (Xie et al., 2003; Fan et al., 2007; Weijers et al.,
2007; Wang et al., 2012; Wu et al., 2018; Tian et al., 2019; Wang
et al., 2021a; Wang et al., 2021b). Wang et al. (2012) analyzed
the n-alkanes and n-alkan-2-ones of the sediments collected
from the Linxia Basin, and proposed that these biomarkers was
in agreement with the palynofloras showing significant
variations in response to the climate changes and uplift of
the Tibetan Plateau at ~8 Ma. Furthermore, Wu et al. (2018)
applied the organic carbon isotopes (δ13CTOC) to reveal the
ecological response to the Eocene/Oligocene transition in the
Lanzhou Basin, and found that the variations of δ13CTOC

responded to the global cooling. All these indicators
displayed great potential in paleoclimate reconstruction in
inland Asia.

Northwest China is mainly made up of large inland basins,
with extra-thick Cenozoic sediments accumulated. The Linxia
Basin is one of them and rich in lipids with weak diagenesis,
therefore, is an ideal recorder of arid climatic changes. Previous
studies have carried out relevant analyses in the Linxia Basin to
establish the general framework of paleoclimate evolution,
including low-resolution lipid biomarkers (Wang et al., 2012),
microbial communities (He et al., 2020), pollen assemblages (Ma
et al., 1998). Nevertheless, detailed paleoclimatic characteristics
were limited due to the sample resolution. In the present study, on

the basis of previous results, we carried out a systematically high-
resolution analyses of lipid biomarkers and δ13C values of TOC of
the Maogou sediments in the Linxia Basin, in hope of revealing
the process of arid environmental changes and understanding the
driving mechanism of the evolution of Asian inland aridity in the
late Cenozoic.

GEOLOGICAL SETTING AND
CHRONOLOGICAL FRAMEWORK

The Linxia Basin is located on the northeastern edge of the
Tibetan Plateau (102°30′–104°E, 35°10′–35°51′N, Figure 1).
Sedimentary rocks of the Linxia Basin are mainly composed of
mudstone and sandstone of fluvial and lacustrine origin (Fang
et al., 2003; Zhang et al., 2019). Climatically, the Linxia Basin is
now dominated by an arid/semiarid continental climate with
mean annual temperature (MAT) of 6.3°C, mean annual
precipitation of 537 mm, and mean annual evaporation of
1,198–1745 mm. Rainfall mainly occurs between June and
August, generally following a typical monsoon pattern.

TheMaogou section in this research is in the central part of the
Linxia Basin (Figure 1), which is representative of the tertiary red
bed. The Maogou section is characterized by continuous
sedimentary strata with a total thickness of 443 m. Li (1995)
and Fang et al. (2003) have provided a high-resolution
paleomagnetic analysis of the Maogou section to establish the
chronological framework. Basically, from the bottom to the top of
Maogou section, identified as Tala Formation (0–91 m,
~29–21.4 Ma), Zhongzhuang Formation (92–188 m,
21.4–14.7 Ma), Shangzhuang Formation (189–230 m,
14.7–13.1 Ma), Dongxiang Formation (231–313 m,
13.1–7.8 Ma), Liushu Formation (314–376 m, 7.8–6 Ma) and
Hewangjia Formation (377–443 m, 6–4.3 Ma), the
magnetostratigraphy results indicated that the sediments from
the Maogou section deposited continuously from 29 to 4.3 Ma,
spanning from the upper Oligocene to the Pliocene. It is also
should be pointed out that there were abundant mammalian
fossils which can serve as clear indications of chronology (Deng
et al., 2004; Deng et al., 2013). Consequently, the chronological
framework was established reasonably and precisely.

SAMPLING AND EXPERIMENTS

Sampling
Actually, our sediment samples were collected from the same
section as Li (1995) and Fang et al. (2003) proposed. In order to
get the fresh and uncontaminated sediments, an exploratory
trench (0.5 m deep and wide) was dug. And then a total of
229 unweathered sediment samples were collected from the
trench from the bottom to the top of the Maogou section,
from the Tala Formation to the Hewangjia Formation,
generally with the sampling interval of 2 m. Most of the
samples were composed of silt sandstones, mudstones. All the
sediment samples were marked with thickness and stored at -20 C
for further analyses.
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Sample Pretreatment and GC-MS Analysis
The samples (150 g each) were powdered (80mesh) and extracted
with dichloromethane/methanol (93:7) in a Soxhlet extractor for
70 h, and the solvent was removed by distillation. The extracts
were condensed and weighed. Because the extracted material was
only 1–5 mg, fractionation using chromatography on silica gel or
alumina was avoided to prevent the potential loss of components
such as the trace alkanes and the oxygen compound. After natural
air-drying and dilution using chloroform, the total extracts were
analyzed directly using GC-MS. The blank samples were run
under similar conditions. The GC-MS spectra of blank samples
showed that the lipid molecules to be discussed in this paper were
not found.

GC-MS analysis was performed using a HP 5973 MSD
interfaced to a HP 6890 gas chromatograph fitted with a 30 m
× 0.25 mm i. d. fused silica capillary column coated with a film
(0.25 μm) of 5% phenyl-methyl-DB-5. For routine GC analysis,
the oven was programmed from 80 to 300°C at 3°C/min with an

initial and final hold time of 1 and 30 min, respectively. Helium
was used as carrier gas at a linear velocity of 32 cm/s, with the
injector operating at a constant flow of 0.9 ml/min. The MS was
operated with an ionisation energy of 70 eV, a source temperature
of 230°C and an electron multiplier voltage of 1900 V over a range
of 35–550 Da.

Carbon Isotopes of Organic Matter (δ13Corg)
An aliquot of each sample was acidified with HCl to remove
carbonates before analysis. Then, samples were washed with
deionized water until a neutral pH value was reached. Next,
samples were dried in an oven at 90°C. Pretreated samples were
analyzed using a Flash 2000-MAT 253 system. The Flash 2000
was fitted with an oxidation-reduction tube filled with Cr2O3,
Cu and silver-bearing CoO. Treated samples were oxided at
960°C with flowing oxygen. Helium was used as carrier gas.
IAEA-600 (caffeine) was used as standard sample (Coplen
et al., 2006). Each sample was analyzed twice, and final

FIGURE 1 | (A) Location of the Linxia Basin (red circle) and the arrow indicating the present main climate controls of China, including southwest summer monsoon,
east Asian summer monsoon and winter monsoon (modified from Shao et al. (2006)) (B) Simplified geological map of the Linxia Basin. Red pentacle representing the
Maogou section (cited from Fang et al., 2003) (C) outcrop photograph of the Dongxiang Formation of the Maogou section.
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averaged results were expressed as ‰ relative to the VPDB
(Vienna Peedee Belemnite) standard. During the analysis, 15
standard samples were determined to monitor the accuracy of
the instrument. Reproducibility, as determined from the
replicate standard samples, were better than 0.05‰ for
δ13Corg of organic carbon.

RESULTS

Distribution Patterns of n-alkanes,
n-Alkane-Derived Proxies and Carbon
Isotopes of Bulk Organic Matter
Basically, the n-alkanes ranges from C16 to C32 with an obvious
maximum carbon number at C18 throughout the entire section,
characterized by unimodal distribution patterns. Moreover, some
samples show a significant bimodal distribution, with C18 and C29

as the main peaks. A distinct odd-over-even predominance of the
long-chain n-alkanes is observed throughout the profile.
Representative relative abundance of n-alkanes from the
Maogou section sediments are shown in Figure 2.

In terms of the n-alkane derived proxies, the ratio of C27/C31

and (C17-C21)/(C27-C31) values were calculated in this study.
Specifically, the ratio of (C17-C21)/(C27-C31) can be calculated
using the following equations:

(C17−C21)/(C27−C31) � (C17+C18+C19+C20+C21)/
× (C27+C28+C29+C30+C31)

Besides, the δ13Corg values of the Maogou section sediments
varies between -31.0‰ and -22.0‰, with an average value of
-26.0‰ (Figure 3C).

DISCUSSION

Inputs of Organic Matter
Typically, n-alkanes are widely distributed in sedimentary
organic matter derived from organisms living in the study area
and their catchments, and different compositions of n-alkanes
can directly reflect different biota (Pearson et al., 2007).
Normally, the ratio of (C17-C21)/(C27-C31) of n-alkanes can
indicate the relative contribution from lower organisms
including algae, cyanbacteria, fungi and microbes relative to
that from terrestrial higher plants, and thus the corresponding
climate conditions (Eglinton and Hamilton, 1967; Cranwell et al.,
1987; Rielley et al., 1991; Meyers and Ishiwatari, 1993; Ficken
et al., 2000). Besides, the ratio of C27/C31 is usually applied to
indicate the relative abundance of trees versus grasses, as trees
produce high abundance of C27 or C29 n-alkane, while grasses
typically generate high C31 n-alkane. Consequently, a high C27/
C31 ratio indicates a thrive of trees at the expense of grasses, and
thus more contribution from trees to the organic matter
(Cranwell et al., 1987).

In our study, abundant n-alkanes were detected in all the 229
samples from the Maogou section. Generally, the n-alkanes
displayed bimodal or unimodal distribution patterns,
suggesting that the organic matter were contributed by mixed
sources, including lower organisms and terrestrial higher plants.

FIGURE 2 | Representative chromatographs of n-alkanes (m/z 85) in the Maogou sediments.
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Generally, the ratio of (C17-C21)/(C27-C31) and C27/C31 displayed
a similar variation trend throughout the sequence (Figures
3A,B), indicating the variations of organic matter sources.
From 29 to 21.8 Ma, the ratio of (C17-C21)/(C27-C31) and C27/
C31 remained relatively low-value stage except some fluctuations,
suggesting a high proportion of grasses contributed to the organic
matter. During the period of 21.8–18 Ma, both the (C17-C21)/
(C27-C31) and C27/C31 values increased, implying the source of
organic matter changed and lower organisms and trees flourished
during this interval. From 18 to 14 Ma, the lipid-derived proxies
showed a decreasing trend, indicating the sources of trees and
lower organisms were limited at this time. Between 14 and
4.3 Ma, our records indicated that the contribution from lower
organisms constantly remained constrained, and the abundance
of trees slightly increased. According to these observations, we
may infer that different organic matter sources at different
timescales corresponded to the varying climate conditions.

Paleoclimate Conditions Inferred From
δ13Corg and Lipid-Derived Proxies
Terrestrial high plants can normally be divided into three categories,
C3 plants, C4 plants and CAM plants based on their photosynthesis
characteristics and carbon atomicity. C3 and C4 plants can be
identified according to their carbon isotope values, as C3 plants
are characterized by an δ13C value ranging from -40‰ to -20‰with
an average of -27‰, and C4 plants have a distinct δ13C value
between -19‰ and -9‰with an average value of -12‰, respectively
(Smith and Epstein, 1971; Oleary, 1981). It is also generally
acknowledged that C4 plants adapt to an environment which is
typical of high temperature, high aridity and low atmospheric CO2

concentration (Wang and Greenberg, 2007). Particularly, C4 plants
have greater water-use efficiency than C3 plants (Collatz et al., 1998).
In the present study, there is no exact relationship between the
δ13Corg values from the Maogou sediments and the reconstructed
atmospheric CO2 concentrations based on the carbon isotopic

analyses of diunsaturated alkenones and planktonic foraminifer
(Pagani et al., 1999), suggesting the concentration of CO2 may
not be the main factor influencing the vegetation in the Linxia Basin
(Figure 3). Additionally, previous study indicated that terrestrial
higher plants contributed significantly to the organic matter in the
sediments in the Linxia Basin (Fan et al., 2007). Consequently, the
δ13Corg values may reflect the information of the vegetation
communities and its associated climate conditions, such as
temperature and/or precipitation (Wang and Deng, 2005; Kohn,
2010; Wu et al., 2018). Overall, the δ13Corg values of the sediments
throughout the ~29 to 4.3Ma varied from -31.0‰ to -22.0‰
(Figure 3C), indicating that C4 grasses were possibly not
significant in the Linxia region prior to 4.3Ma, which is
consistent with the conclusion proposed by Fan et al. (2007).

In terms of this background, we attributed the obvious
fluctuations of δ13Corg values to the climate variations somewhat
arbitrarily, with positive δ13Corg values corresponding to a relatively
high abundance of C4 plants. In the present study, the records of
δ13Corg values seemed more sensitive to climate variations as it
revealed more stages of climate shifts. From 29 to 21.8Ma, the
δ13Corg values exhibited an overall increasing trend, indicating a
relatively high proportion of C4 plants. Coincidently, the C27/C31

ratio displayed a decreasing trend, suggesting an expansion of
grasses. As previous study has confirmed that the grasses usually
applied the C4 photosynthesis (Wang and Greenberg, 2007), our
results indicated that the vegetation evolution from trees to grasses
reflect the vegetation type variations from C3 to C4 plants under the
relatively warm and dry climate condition (Ao et al., 2021). The
pollen assemblages also indicated an open woodland-steppe
vegetation mainly composed of Chenopodipollis, Polygonaceae,
Compositae for the herbs and Quercoidites, Betulaepollenites,
Fraxinoipollenites and Cupressaceae for the woody plants under a
dry condition during this time (Ma et al., 1998). While between 21.8
and 18Ma, the C4 grasses shrank while the C3 trees flourished in this
interval, implying a gradual increase in humidity, as indicated by the
decreasing δ13Corg values and highC27/C31 ratios, corresponding to a

FIGURE 3 |Comparison of different proxies from theMaogou sediments with other indicators, including the ratio of (C17-C21)/(C27-C31) (a), the C27/C31 ratio (b), the
δ13Corg values of organic matter from Maogou sediments (c), the percentage of tree pollen from the Yanwan section, Tianshui Basin (d) (Hui et al., 2011), the PC1 scores
from the Jingou River section in northern Tian Shan, with higher PC1 scores denoting wetter conditions (e) (Tang et al., 2011), the atmospheric CO2 concentrations
reconstructed based on the carbon isotopic analyses of diunsaturated alkenones and planktonic foraminifer (f) (Pagani et al., 1999), and the compiled δ18O records
(g) (Westerhold et al., 2020). Further comparison containing the sedimentary facies, lithology, age-depth model modified from He et al. (2020), and vegetation evolution
based on pollen records from Ma et al. (1998).
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general coniferous forest (Ma et al., 1998). During this interval, the
high (C17-C21)/(C27-C31) ratio possibly indicated an increasing
contribution from lower organisms to the organic matter.
Normally, the δ13Corg of the typical lake algae in fresh water is
about −28‰ (Meyers, 1994; Meyers, 2003), thus enhanced inputs of
lower organismsmay result in negative δ13Corg values in our records.
In addition, the sedimentary face was identified as floodplain-
shallow lake (Fang et al., 2016), furthering indicating an
increasing humidity. Thereafter, a sharp increase in δ13Corg values
demonstrated that C4 grasses increased at the expense of C3 trees
from 18 to 14Ma, indicating the climate was turning to warm and
dry conditions gradually, possibly corresponding to the MMCO
(Figure 3D) (Zachos et al., 2001; Zan et al., 2015). During this
interval, the C27/C31 and (C17-C21)/(C27-C31) ratio decreased,
suggesting an enhanced contribution from terrestrial higher
plants such as grasses and limited inputs of lower organisms,
which was in good accordance with the increasing δ13Corg values.
The warm and dry climate conditions was beneficial to the growth of
grasses. Although this period was recognized as coniferous forest, the
percentage of herbs was increasing (Ma et al., 1998). Specifically, the
initial stage of the MMCO was characterized by a relatively humid
condition as reflected by the proxies, which was also recorded by the
pollen assemblages from the northern Tian Shan (Tang et al., 2011)
and Linxia Basin (Ma et al., 1998). After theMMCO, the climate was
generally dry from 14 to 9.1Ma, although the humidity showed a
slight increase, generally consistent with the vegetation type as
coniferous and broad-leaved mixed forest. A rapid increase in
δ13Corg values and a sharp decrease in C27/C31 and (C17-C21)/
(C27-C31) ratio within only less than 1Ma from 9.1 to 8.5Ma
were observed, suggesting a significantly strengthened aridity at
this time under the background of long-term global cooling in
the late Cenozoic (Zachos et al., 2001; Westerhold et al., 2020), in
accordance with the steppe forest expansion at ~8.5Ma (Ma et al.,
1998). This aridity sustained to ~6.4Ma and then the humidity
displayed a slight increase afterwards. Coincidently, the vegetation
evolved towards coniferous and broad-leavedmixed forest, implying
the climate became relatively wet (Ma et al., 1998). Considering the
refined age-depth model and sample resolution, our records
generally agreed with the pollen analysis.

It also should be pointed out that throughout the sequence, the
variations of δ13Corg values corresponded well with the changes of
lithology basically. This interesting phenomenon was primarily
observed in the Dongxiang Formation sediments. The high
δ13Corg values occurred when the gray-green clay deposited, and
the red bed was characterized by low δ13Corg values. Further studies
are necessary to figure out the potential driving mechanisms
regarding the frequent fluctuation of the δ13Corg values.

Comparison With Regional and
Over-Regional Paleoclimate Records
As mentioned above, our records based on the n-alkane-derived
proxies and δ13Corg values are overall in good accordance with the
pollen records in the Linxia Basin (Ma et al., 1998). Furthermore,
the sporopollen records from the Tianshui Basin in the NE
Tibetan Plateau demonstrated a temperate, warm-temperate
broad-leaved forest between 17.1 and 14.7 Ma, forest or forest-

steppe between 14.7 and 11.7 Ma, broad-leaved forest during
11.7–8.5 Ma and steppe vegetation from 8.5 to 6.1 Ma (Hui et al.,
2011). Similarly, the sporopollen reports in the Jiuxi Basin
revealed a semi-moist climate from 13 to 11.2 Ma, warm and
moist climate between 11.2 and 8.6 Ma, warm and semi-moist
climate during 8.6–5.6 Ma, semi-arid climate during 5.4–4.9 Ma
and arid climate condition in the interval of 4.9–2.2 Ma (Ma et al.,
2005). Also, Tang et al. (2011) reported that the climate was wet
during the late Oligocene and shifted to dry conditions between
23.8–17.3 Ma, and subsequently ameliorated to a relatively wet
stage to 16.2 Ma, but then turned to dry condition until 4.2 Ma
and the aridity reached a peak at 13.5 Ma. Despite the lack of
long-term comparison of paleoclimate records, our results are in
good concert with the periodical reports from previous studies.

Moreover, our reconstructed paleoclimate conditions based
on the n-alkane-derived proxies and the δ13Corg values exhibited
significant variations especially during the typical climate events,
which behaved synchronously with previous studies. During the
period of ~26 to 25 Ma, our results suggested the grasses
expanded, and contributions from trees and lower organisms
declined, roughly in association with the late Oligocene Warming
(Zachos et al., 2001). Sporopollen records from the Nima Basin
indicated that broad-leaved trees increased obviously after
25.6 Ma, in response to the late Oligocene warming, further
suggesting the development of south Asian monsoon and
accompany of global warming (Wu et al., 2019). At ~23 Ma,
the increase of the (C17-C21)/(C27-C31) and C27/C31 ratio implied
that trees and lower organisms characterized by negative the
δ13Corg values increased, leading to the decrease of δ13Corg values
from the sediments. This most apparent explanation for the
change of organic matter source at ~23 Ma is the Mi-1
Glaciation as revealed by the compiled oxygen isotope records
(Zachos et al., 2001). Palynological results from the Xining Basin
showed the cold-tolerant conifers shrived while thermophilic
plants declined during the Mi-1 Glaciation at ~23 Ma (Miao
et al., 2013a). While during the interval of ~18 to 14 Ma, the (C17-
C21)/(C27-C31) ratio and C27/C31 value were decreasing, while the
δ13Corg values exhibited an opposite variation, which suggested
that C4 grasses gradually flourished when the warm and wet
climate shifted to warm and dry conditions during the MMCO
(Zachos et al., 2001; Westerhold et al., 2020).

The pollen records from both the Tianshui Basin and northern
Tian Shan suggested a warm and humid early stage of MMCO
turned to warm and dry conditions in the latter periods (Hui
et al., 2011; Tang et al., 2011). Moreover, the timing and duration
of the MMCO was reported from nearby records as 18–14 Ma in
the Qaidam Basin (Miao et al., 2011; Miao et al., 2016) and
17–14 Ma in the Xining Basin (Zan et al., 2015).

Our records demonstrated another significant climate shift at ~9
to 8Ma. During this period, the (C17-C21)/(C27-C31) and C27/C31

value decreased dramatically, and the δ13Corg values of sediments
showed a sudden increase within less than 1Ma, suggesting a
prominent plant variation from C3 to C4 plants, which was
ascribed to the enhanced aridification. Our previous work on
n-alkan-2-ones and microbial communities from the Maogou
section sediments also identified this severe climatic variation
(Wang et al., 2012; He et al., 2020). Besides, the pollen
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assemblages also indicated an obvious aridification event happened
at ~8.5Ma (Ma et al., 1998). The sporopollen data from the Tianshui
Basin recorded a rapid development of steppe at about 8.5Ma, which
suggested a permanent drying of the Asian interior at this time (Hui
et al., 2011). Yang et al. (2016) reported that carbonate-derived Sr
concentrations and Sr/Ca ratios on the northeastern Tibetan Plateau
exhibited weakened chemical weathering intensity and pedogenesis
at ~8.6Ma corresponding to a cold and dry climate linked with the
enhanced aridification. Furthermore, stable isotope evidence
including the δ13C and δ18O values of carbonates and δ13Corg

values from the Linxia Basin indicated that the most severe
aridity occurred from 9.6 to 8.5Ma (Fan et al., 2007).

In summary, based on these observations, the reconstructed
paleoclimate conditions in the Linxia Basin generally followed the
global climate variation trend. Specifically, our records indicated an
overall warm and dry period of lateOligocenewarming andMMCO,
which was in favor of the growth of C4 grasses, corresponding well
with the global climate as revealed by the oxygen isotope records
(Zachos et al., 2001; Westerhold et al., 2020). And the dry climate
conditions spanning 14–4.3Ma generally coincided with the global
cooling since the expansion of polar ice-sheets at 14Ma (Zachos
et al., 2001). Under this circumstance, the expansion of C4 grasses at
9–8Ma cannot be sufficiently explained by the global climate trends.
Thus, other possible factors need to be considered. The uplift of the
Tibetan Plateau may be responsible for the aridification, as extensive
evidence corroborated that the tectonic uplift of the Tibetan Plateau
occurred approximately at ~8Ma (An et al., 2001; Lease et al., 2007;
Miao et al., 2012; Yang et al., 2016). The uplift of the Tibetan Plateau
resulted in a geographic barrier which blocked moisture
transportation from neighboring oceans, leading to an arid
continental interior due to the rain shadow effect (Boos and
Kuang, 2010), and therefore an enhanced aridification. Moreover,
Miao et al. (2012) proposed that the uplift of the TP resulted in the
changes of topography, which strongly influenced the moisture
pattern in Central Asia during Miocene times, particularly the
precipitation rates in the Linxia Basin were significantly affected
by the tectonic uplift of the surrounding mountains.

CONCLUSION

In the present study, lipid biomarkers and carbon isotopes of
organic matter were analyzed to reconstruct the paleoclimate
conditions based on the sediments from the Maogou section,

Linxia Basin, northeast TP. Generally, the distribution patterns of
n-alkanes and its derived proxies indicated that the organic
matter of the Maogou section sediments were contributed by
mixed sources, including lower organisms like algae, fungi,
cyanbacteria and microbes, and terrestrial higher plants. The
variations of organic matter sources and evolution of higher
plants behaved in accordance with the carbon isotope values
δ13Corg, serving as good indicators for paleoclimate conditions.
Our results clearly demonstrated some typical climatic events,
such as the late Oligocene Warming event, MMCO and
aridification at ~8.5 Ma. Generally, the paleoclimate conditions
in the Linxia Basin were primarily controlled by the global climate
variations, but the uplift of the TP was responsible for the
aridification event at ~8.5 Ma, which was superimposed on the
long-term global cooling.
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Hot Spring Gas Geochemical
Characteristics and Geological
Implications of the Northern
Yadong-Gulu Rift in the Tibetan
Plateau
Xiaoli Yu1,2*, Zhifu Wei1, Gen Wang1, Xueyun Ma1,2, Ting Zhang1, Hui Yang1, Liwu Li1,
Shixin Zhou1 and Xianbin Wang1

1Key Laboratory of Petroleum Resources Research, Gansu Province, Northwest Institute of Eco-Environment and Resources,
Chinese Academy of Sciences, Lanzhou, China, 2College of Earth and Planetary Sciences, University of Chinese Academy of
Sciences, Beijing, China

To reveal the heat source and its formation mechanism of the northern Yadong-Gulu rift
(YGR), we analyzed the helium isotope, carbon isotope (δ13CCO2), and CO2/

3He and CH4/
3He ratios of hot spring gases for tracing the source of volatiles and discussing their
geological significance. The results show the following: helium is mainly derived from the
crust, and the radioactive decay of the thicker crust and granites provided more 4He to the
low helium isotopes; thermal decomposition of carbonate rocks is the main source of CO2;
CH4 may be of organic origin. To sum up, the gas geochemical characteristics of hot
springs in the northern YGR indicate that the volatiles are mainly derived from the crust. The
crust/mantle heat flow ratios (qc/qm) calculated by helium isotopes cover a range of
0.84–1.48, suggesting that the heat is mainly contributed by the crust. The crustal origin
gas and heat flow demonstrates that the heat source beneath the northern YGR is formed
by the process of interior crust. Combined with geophysical data, we suggest that the
stress heat caused by the collision of the Indo-Eurasian plate and the radiant heating of the
crust lead to the heat source (partial melting) and provide heat for thermal activities.

Keywords: He, CO2, gas geochemistry, S–N trending rift, Tibetan Plateau, Yadong-Gulu rift

1 INTRODUCTION

The collision orogeny between India and Eurasia is one of the most important geological events since
the Cenozoic, which led to the uplift of the Tibetan Plateau (TP). The dynamics of plateau uplifting
has attracted wide attention, especially the crust–mantle structure in the collision zone (Himalayan
terrane and Lhasa terrane) (Bourjot and Romanowicz, 1992; Nelson et al., 1996; Wu et al., 2005; Xu
et al., 2015). The development of nearly north–south extensional rift systems in the central and
southern TP is related to the dynamics of plateau uplift, and they are considered to be formed by the
collapse of the orogenic plateau or regional stress changes (England and Houseman, 1989; Molnar
et al., 1993; Yin and Harrison, 2000). The Yadong-Gulu rift (YGR) is the largest north–south
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trending rift in the central TP, which runs through the Himalayan
terrane and Lhasa terrane, so it is an ideal place to study the deep
structure of the collision area of the TP.

The YGR developed a large number of hot springs, and the
tectonic activity is strong, which provides favorable conditions for
themigration of gas fromdepth. Gases volatile fromhot spring in the
fault zone are closely related to the deep geological structure (de
Moor et al., 2013; Italiano et al., 2013; Kulongoski et al., 2013). They
are a mixture of gases from different sources, and their composition
will significantly change due to the different physical and chemical
properties of various gas components, different geological
backgrounds, and different ways to enter hot springs from their
sources (Wang et al., 1992). Helium is an ideal tracer in hot spring
gases because it is chemically inert and its abundance is changed only
by radioactive decay and physical processes duringmigration (Farley
and Neroda, 1998). Helium has two isotopic nuclides, 3He and 4He.
3He mainly derives from the mantle, while 4He is mainly produced
by the decay of uranium and thorium in the crust. The helium
isotope is expressed as 3He/4He, and it varies greatly with different
sources (Poreda and Craig, 1989). Generally, helium includes the
atmospheric source, the mantle source, and the crustal source, and
their helium isotopes are 1 Ra, 8 Ra, and 0.02 Ra, respectively (Ra is
atmospheric 3He/4He, Ra = 1.4 × 10−6) (Sano and Wakita, 1985).
Hot spring helium isotopes have been successfully used for studying
the deep geological structure in fault zones and volcanic areas (Mutlu
et al., 2008; Klemperer et al., 2013). In addition, CO2 is usually the
main component of hot spring volatiles. However, the concentration
and isotopes of CO2 are easily affected by geophysical and chemical
reactions in the process of migration. Therefore, δ13CCO2 and CO2/
3He are usually combined to explore the source of CO2 (Zhou et al.,
2020). Moreover, CH4/

3He is also used as an index to trace the
source of gas (Tao et al., 2005).

Hot spring gases have also been widely applied for exploring the
deep geological structure in the TP, such as in the Tengchong
volcanic area in Yunnan Province (Wang et al., 1993; Xu et al., 2004;
Zhao et al., 2012; Cheng et al., 2014), the Jinshajiang-Red River fault
zone (Zhou et al., 2020), the Litang fault zone (Zhou et al., 2017), and
the Xianshuihe-Anninghe fault zone (Xu et al., 2021). It is found that
the change of hot spring gases is related to the deep heat source or the
activity of fault zone. In recent years, some scholars have tried to
explore the material sources (gas, fluid) and deep structures under
the YGR by using hot spring gases (Zhao et al., 1998; Yokoyama
et al., 1999; Zhao et al., 2002; Zhang et al., 2017), but the heat source
and its formationmechanism are still under debate (Yokoyama et al.,
1999; Liu et al., 2014; Zhang et al., 2017; Xie et al., 2021).

In this study, 17 hot spring gas samples were collected from the
northern YGR. We analyzed the helium and carbon isotopes,
CO2/

3He ratios, and CH4/
3He ratios for tracing the source of hot

spring gases and discussing their geological significance to reveal
the heat source and its formation mechanism of the
northern YGR.

2 GEOLOGICAL SETTINGS

The Tibetan Plateau is a complex tectonic assemblage system (Yin
and Harrison, 2000). It contains five relatively stable blocks,

which are the Himalayan block, Lhasa block, Qiangtang block,
Songpan-Ganzi block, and Kunlun-Qilian block from south to
north (Pan et al., 2012). In the southern TP, there are six junior
nearly north–south trending rifts (Armijo et al., 1986; Yin, 2010),
and their extensional age is from the Middle Miocene to the late
Miocene (Zhang et al., 2020). The YGR is the largest rift in the TP,
with a total length of nearly 600 km, which spans the Himalayan
terrane and the Lhasa terrane (Figure 1A). The YGR can be
divided into the southern, middle, and northern segments during
research (Zhang et al., 2021). Our study area is mainly in the
northern YGR, and it is a graben composed of two NE trending
normal faults. The faults extend from Yangbajing to Sangxiong,
and the northern end of the faults is cut off by a NW trending
strike-slip fault (Jiali fault) (Figure 1B).

Due to the difference of basement and sedimentary
caprocks in the Lhasa terrane, it can be divided into three
subterranes with the boundaries of Shiquanhe-Nancuo
melange belt (SNMB) and Luobadui-Milashan fault (LMF)
(Zhu et al., 2011; Zhang et al., 2019). The northern YGR
crosses the northern and central parts of the Lhasa block.
The northern Lhasa has a young crust, the sedimentary
caprock is a Lower Cretaceous volcanic sedimentary
sequence, and the east is covered by Triassic–Jurassic strata
(Zhu et al., 2013). The Middle–Upper Triassic strata are
mainly composed of slate, sandstone, and radiolarian chert
(Pan et al., 2006). The Precambrian basement (Zhang et al.,
2012b; Dong et al., 2011), overlying Carboniferous–Permian
metamorphic sedimentary rocks, and Lower Cretaceous
volcanic sedimentary sequences are developed in the central
Lhasa terrane, accompanied by a small amount of Ordovician,
Silurian, and Triassic sedimentary rocks (Zhu et al., 2013).
After collision, the Lhasa block developed multi-stage
magmatism and widely developed Meso-Cenozoic igneous
rocks, mainly Paleocene Gangdise granite and Linzizong
volcanic rock distributed in the southern Lhasa (Wu et al.,
2008).

At about 65 Ma, the Indo-Eurasian plate collided and the
Indian landmass subducted beneath the Eurasian plate, resulting
in the increase of crustal thickness of the southern TP (England
and Houseman, 1989; Yin and Harrison, 2000; Wu et al., 2008;
Pan et al., 2012), and the thickest area appeared in the Lhasa
terrane, at about 80 km (Zhao et al., 1993; Zhao et al., 2001; Kind
et al., 2002; Zhang et al., 2011; Li et al., 2014). The heat flow values
of Yangbajing, Yangyingxiang, Laduogang, and Naqu in Lhasa
are 108 m/Wm2, 264 m/Wm2, 338 m/Wm2, and 319 m/Wm2,
respectively (Teng et al., 2019), which are higher than the
average of Chinese mainland (63 m/Wm2) (Hu et al., 2000;
Jiang et al., 2016; Jiang et al., 2019). Previous geophysical
studies have found that many shallow low velocity and/or high
conductivity zones are distributed in the crust of the Lhasa
terrane, such as Yangbajing and Dangxiong, which are
considered to be granitic partial melting bodies with a depth
of 15–25 km and a thickness of 20 km (Brown et al., 1996; Kind
et al., 1996; Nelson et al., 1996; Zhao et al., 2001).

The TP is rich in geothermal resources, and the hot springs in
the Lhasa block are concentrated in the north–south trending
rifts. In the northern YGR, hot springs are developed in
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Yangbajing, Ningzhong, Gulu, Naqu, and other places, with
spring temperatures ranging from 23 to 87°C. The Yangbajing
geothermal field is one of the non-volcanic high temperature
geothermal fields in Tibet, with downhole temperatures as high as
330°C (Guo, 2012; He et al., 2012; Yuan et al., 2014; Zhang et al.,
2015; Wang et al., 2022). The pH of hot spring water in the study
area (such as Yangbajing, Ningzhong, and Gulu) is mostly
between 7 and 9, showing a slightly alkaline property (He
et al., 2012; Yuan et al., 2014; Wang et al., 2018; Guo et al.,
2019). Besides, the main hydrochemical types of hot springs are
mostly transitional HCO3-Na and Cl·HCO3-Na, while
Yangbajing geothermal water is of Cl-Na type (Liu et al., 2014;
Wang et al., 2017b).

3 SAMPLING AND ANALYSIS

Seventeen hot spring gas samples were collected from eight sites
along the northern YGR (Figure 1B). Hot spring gas collection used
the drainage gas extraction method: we used a sodium glass bottle
with low helium permeability as a collection container, filled the
bottle with the corresponding hot spring water, and put the bottle
mouth into the hot spring water, and then the gas replaced the water.
To avoid air pollution, we stopped collectingwhen the gas filled 2/3 of
the bottle volume, and then we sealed the bottle mouth with a rubber
stopper and kept the bottle mouth down during transportation and
storage. In order to prevent the leakage of rare gases, gas samples were
analyzed within 14 days after collection.

FIGURE 1 | (A) Simplified tectonic map of the Tibetan Plateau (modified from Yin and Harrison (2000)); (B) geological map of the northern Yadong-Gulu rift
(modified from Zhang et al. (2017)) and hot spring gas sampling sites (the black dots in (B)).
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All the gas samples were tested for gas composition and
isotopes in the Oil and Gas Resources Research Center of
Northwest Institute of Ecological Environment and Resources,
CAS. Conventional gas components were analyzed by an
MAT271 Gas Mass Spectrometer with a relative standard
deviation less than 0.01% and a precision of ±0.1%. The test
conditions are as follows: EI ion source, ionization energy 86 eV,
emission current 40 μA, ion source temperature 95°C, SIM
scanning mode, and injection volume 1 ml. The abundance
and isotopes of noble gases were analyzed by a VG5400 Static
Vacuum Noble Gas Mass Spectrometer, and the test condition is
a high voltage ion source of 9 kV and a trap current of 800 μA.
Before and after analyzing the gas sample, the internal standard
gas collected from the top of Gaolan Shan in Lanzhou is first
tested for its noble gas components and isotopes. δ13CCO2 was
analyzed with a stable isotope ratio mass spectrometer (Thermo
Fisher Scientific Delta Plus XP), and the reference value is the Pee
Dee Belemnite (PDB) standard.

4 RESULTS

4.1 Chemical Compositions of Hot Spring
Volatile Gases
Gas chemical compositions are listed inTable 1. In these hot springs,
the temperature of spring water ranges from 10 to 88°C. Hot spring
gases are mainly composed of N2 and CO2, which account for
14.53%–90.40% and 4.30%–89.74% of the total gas content,
respectively. The contents of Ar and O2 are relatively low,
ranging from 0.19% to 1.03% and 0.44% to 17.52%, respectively.
We found that the Ar content of Sangxiong is higher than the
atmospheric value (~0.93%), indicating that there may be Ar from
deep sources. The N2/Ar ratio is a reliable index to judge whether the
gas derives from the atmosphere. The atmospheric N2/Ar is about
84, and the water-soluble gas N2/Ar of saturated air is about 38. The
N2/Ar ratio of hot spring gas in the northern YGR is close to that of

saturated air dissolved in water and atmosphere, which is the result
of infiltration of surface water into the ground and participates in the
geothermal water cycle, while the N2/Ar ratio of Ningzhong 2 is
relatively higher, suggesting that theremay beN2 addition from deep
structures (Kita et al., 1993). The contents of H2, He, and CH4 are
very low, which are four orders of magnitude lower than those of the
main gas components (N2, CO2).

4.2 Isotopic Compositions of Volatile Gases
4.2.1 Helium Isotopes
Helium isotopes are expressed as R/Ra (R is the 3He/4He value of
the sample and Ra is the atmospheric 3He/4He, Ra = 1.4 × 10−6).
The measured helium isotopes cover a range of 0.11–0.93 Ra
(Table 2). In order to deduct the contamination from air, we use
the 4He/20Ne ratio to correct R/Ra and express it as Rc/Ra, which
ranges from 0.10 to 0.87 Ra. Figure 2 shows the correlation
between 4He/20Ne ratios. We found that the helium isotopes
in Ningzhong appear near the air source, indicating that they may
be affected by air contamination, while other gas samples show
the characteristics of crustal origin.

4.2.2 Carbon Isotopes (δ13CCO2)
Generally, CO2 in hot spring gas in the geothermal area mainly
includes three sources: the mantle source, the source of
carbonate decomposition, and the source of decomposed
organic matter in sediments. Their carbon isotopes are from
−8‰ to 4‰, ~0‰, and less than −10‰, respectively (Dai et al.,
1996; Xu et al., 2012). δ13CCO2 of hot spring gas in the northern
YGR ranges from −11.2 ‰ to 0.1‰ (versus PDB) (Table 2),
indicating that CO2 is mainly derived from mantle degassing
and the decomposition of carbonate rock, while Gulu 1 and
Sangxiong CO2 may be organic sources.

4.3 CO2/
3He and CH4/

3He Ratios
Generally, mantle fluid has a CO2/

3He ratio of about 1.5 × 109

(Marty and Jambon, 1987), while the CO2/
3He value between 1012

TABLE 1 | Chemical composition of hot spring gases in the northern Yadong-Gulu rift.

No. Sampling
site

T
(°C)

H2

(ppm)
He

(ppm)
CH4

(ppm)
O2

(%)
CO2

(%)
Ar
(%)

N2

(%)
N2/Ar

1 Yangbajing 1 85 16.26 28.48 60 15.01 23.90 0.69 60.40 87.2
2 Yangbajing 2 88 20.88 93.08 270 5.56 57.46 0.58 36.10 62.1
3 Yangbajing 3 26 13.72 27.95 80 11.46 34.35 0.59 53.31 89.7
4 Yangbajing 4 85 53.49 67.21 150 11.25 37.05 0.59 50.78 86.4
5 Zangbu River 1 Nm 10.49 25.02 200 13.03 60.47 0.61 55.57 91.2
6 Zangbu River 2 Nm 15.71 45.44 150 1.03 89.74 0.19 9.02 49.6
7 Ningzhong 1 86 24.36 3.01 10 15.10 21.19 0.76 62.95 82.5
8 Ningzhong 2 77 45.90 4.86 10 13.28 34.85 0.32 51.55 163.0
9 Jiuzila 83 11.42 2.85 160 17.52 13.56 0.72 68.18 94.2
10 Gulu 1 86 402.00 49.30 490 6.07 79.03 0.27 14.53 53.2
11 Gulu 2 50 9.96 15.41 90 14.42 26.97 0.63 57.96 92.1
12 Sangxiong Nm 6.73 292.00 140 4.23 4.30 1.03 90.40 88.1
13 Luoma 1 Nm 70.73 514.00 400 0.44 29.92 0.61 68.93 113.0
14 Luoma 2 45 11.95 48.28 240 2.20 83.04 0.28 14.45 51.6
15 Naqu 1 79 7.26 2.53 110 15.22 22.54 0.67 61.56 92.3
16 Naqu 2 10 9.06 7.17 910 9.93 43.51 0.51 45.95 89.4
17 Naqu 3 56 5.67 13.20 920 13.40 28.38 0.59 57.54 98.2

Note: Nm is the abbreviation of “not measured.”
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and 1014 is of crustal origin (limestone and sedimentary organic
matter) (Sano and Marty, 1995). In our study, CO2/

3He ratios cover
a range of 6.3 × 108 and 1.8 × 1011 (Table 2).We noted that the CO2/
3He value of Sangxiong is lower than that of the mantle, which may
be affected by secondary processes (fractionation or calcite
precipitation). The CO2/

3He values of Luoma 1 are close to that

of the mantle (1.5 × 109), while the higher CO2/
3He values of other

hot spring gases indicate that they are derived from the crust. The
CH4/

3He value can show the potential source ofmethane (Botz et al.,
1999). The CH4/

3He ratio ranges from 0.2 × 108 to 3.8 × 109

(Table 2), which is larger than the value of themantle, indicating that
the gas is mainly derived from the crust (Botz et al., 1999).

TABLE 2 | Isotopic compositions of He and CO2 of hot spring gases in the northern Yadong-Gulu rift.

No. Sampling
site

4He/20Ne R/Ra Rc/Ra qc/qm δ13CCO2 (‰) CO2/
3He (108) CH4/

3He (108)

1 Yangbajing 1 670.0 0.11 0.11 1.48 −5.0 530.0 1.3
2 Yangbajing 2 584.0 0.12 0.12 1.45 −6.3 380.0 1.8
3 Yangbajing 3 813.0 0.12 0.12 1.45 −5.9 730.0 1.8
4 Yangbajing 4 53.7 0.13 0.12 1.43 −4.2 330.0 1.4
5 Zangbu River 1 48.1 0.11 0.10 1.48 −5.5 800.0 5.3
6 Zangbu River 2 154.0 0.12 0.12 1.45 −6.2 1200.0 2.0
7 Ningzhong 1 0.7 0.93 0.87 0.84 −6.7 570.0 0.2
8 Ningzhong 2 0.6 0.86 0.68 0.86 −3.9 760.0 0.2
9 Jiuzila 131.0 0.44 0.44 1.06 −3.3 780.0 9.2
10 Gulu 1 114.0 0.25 0.25 1.23 −11.2 450.0 2.8
11 Gulu 2 104.0 0.25 0.25 1.23 +0.1 500.0 1.7
12 Sangxiong 32.2 0.17 0.11 1.35 −10.3 6.3 0.2
13 Luoma 1 166.0 0.23 0.23 1.26 −6.7 18.0 0.2
14 Luoma 2 80.0 0.21 0.21 1.28 −2.6 600.0 1.7
15 Naqu 1 2.4 0.57 0.50 0.98 −0.9 1250.0 5.8
16 Naqu 2 30.7 0.25 0.24 1.23 −0.7 1800.0 38.0
17 Naqu 3 200.8 0.27 0.26 1.21 −0.4 580.0 19.0

Note: qc/qm = 0.815–0.300ln(3He/4He) (Wang, 2000).

FIGURE 2 | Diagram of Rc/Ra versus 4He/20Ne. The Rc/Ra and 4He/20Ne ratios’ end-members are as follows: air helium: Rc/Ra = 1, 4He/20Ne = 0.318; crustal
helium: Rc/Ra = 0.02, 4He/20Ne = 1000; mantle helium: Rc/Ra = 8, 4He/20Ne = 1000 (Sano and Wakita, 1985; Sano and Marty, 1995). Data of the Tengchong volcanic
area and Jinshajiang-Red River fault zones are cited from Wang et al. (1993) and Zhou et al. (2020), respectively.
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5 DISCUSSION

5.1 Origin of Volatiles in the Northern YGR
5.1.1 He
Helium in the northern YGR shows obvious crustal source (Rc/Ra
< 1; Figure 2), which may be related to the extremely thick crust
and the extensive development of granites in the Lhasa terrane. At
about 55 Ma, the Indian plate collided with the Lhasa terrane, and
the TP began to uplift (Zhu et al., 2015). With the continuous
convergence of plates, the Indian plate subducted below the lower
crust of Lhasa terrane, and the crustal thickness of Lhasa terrane
was twice the thickness of normal crust (Zhang et al., 2014). In the
crust, abundant 235, 238U and 232Th will generate 4He by α-
radioactive decay, and the in situ 4He concentration will
gradually accumulate with the increase of time (Zhou and
Ballentine, 2006). 4He will be released from rocks and
minerals under the tectonic activities of fault zone. As shown
in Figure 2, the helium isotopes of hot spring gas in the YGR
decrease with the increase of 4He/20Ne ratios, indicating the
continuous addition of crustal helium in the process of helium
transport from underground to the surface. Therefore, the thicker
crustal thickness will produce more radiogenic helium, resulting
in low helium isotopes, such that the helium isotopes of the
Jinshajiang-Red River fault zone, which cover a range of 0.04 Ra
to 0.62 Ra, show a crustal helium (Figure 2; Zhou et al., 2020), just
like the helium characteristic in this study. A similar inference has
been reported in the Karakoram fault zone on the TP (Klemperer
et al., 2013). In addition, the Lhasa terrane had multi-stage
magmatic intrusion (Ji et al., 2009; Zhang et al., 2014) in the
process of amalgamation, convergence, and compression with the
Qiangtang terrane and the Indian subcontinent. Magmatic rocks
from theMesozoic to theMiocene are developed in the YGR (Zhu
et al., 2009; Zhu et al., 2011; Sun et al., 2015), mainly granites.
Moreover, feldspathic granites in the late early Cretaceous are
also developed outside the rift zone, such as Naqu (Sun et al.,
2015). Granites contain more U and Th elements, so the
radioactive decay of these two elements is one of the main
sources of crustal helium in the YGR.

5.1.2 CO2 and CH4

In a geothermal system, the source of CO2 may not be accurately
determined just by δ13CCO2 because the phase separation of CO2

between vapor and liquid will lead to the fractionation of isotopes,
and it makes the gas CO2 rich in light isotopes and has a more
negative carbon isotope value (Barry et al., 2013). The CO2/

3He
ratio is another reliable index to judge the source of CO2.
However, this index is also affected by phase separation in
hydrothermal systems in the following two cases: on the one
hand, the temperature is larger than 100 °C, and on the other
hand, some kind of gas is supersaturated. The fractionation is
mainly manifested in the difference of solubility between CO2 and
He in water, and He is more inclined to release from the liquid
than CO2. Therefore, the gas CO2/

3He ratio can only represent
the minimum estimated value of the original value (Barry et al.,
2013). Except for the hot spring gas of Sangxiong and Luoma 1,
the lowest CO2/

3He ratio of the northern YGR is higher than that
of the mantle, indicating that CO2 is mainly derived from the

crust. Combining the CO2/
3He ratio with δ13CCO2, the results

show that CO2 mainly comes from the decomposition of
limestone, which is related to the lithostratigraphy of Lhasa
terrane. From the middle and late early Cretaceous to the
early late Cretaceous, extensive transgression occurred in
Tibet. The marine strata covered most of the Lhasa terrane,
and the lithofacies were composed of siliceous detritus and
carbonate interbeds (Zhang et al., 2004; Zhang et al., 2012a).
Therefore, CO2 is mainly formed by thermal decarbonization of
carbonate. In addition, the CO2/

3He ratio of Sangxiong hot spring
is lower than that of the mantle, and the content of CO2 is very
low, which may be due to the loss of CO2 in the process of gas
migration. Barry et al. (2013) suggested that the precipitation of
calcite will lead to the decrease of fluid CO2/

3He ratio. de Leeuw
et al. (2010) also reported that the precipitation of calcite results
in the decrease of fluid CO2/

3He ratio and δ13CCO2 at the same
time. It is speculated that the CO2/

3He ratio in the gas will be
lower. Therefore, we think that the loss of CO2 in Sangxiong hot
spring may be related to the precipitation of calcite.

CH4/
3He values show that CH4 is derived from the crust. CH4 in

nature includes biogenic CH4 and abiogenic CH4, mainly biogenic
CH4. Biogenic methane includes two sources: microbial methane
production and decomposition of sedimentary organic matter
(Schoell, 1988). In addition to the abiogenic CH4 derived from
the mantle, in the strongly alkaline (pH > 10) and middle–high
temperature (>150°C) hydrothermal system dominated by
serpentine, abiogenic CH4 can be synthesized by FTT reaction
(Horita and Berndt, 1999; Fu et al., 2007) on the one hand,
which needs to be mediated by H2; on the other hand, it can be
formed by hydration of water and olivine (Oze, 2005; Miura et al.,
2011; Suda et al., 2014). However, there is no sufficient condition for
the synthesis of abiotic methane because hot springs in the northern
YGR have granites, sandstones, and sand conglomerates as thermal
reservoirs (Liu et al., 2014), and the pH value of the hot springs is less
than 10 (He et al., 2012; Yuan et al., 2014; Guo et al., 2019).
Therefore, we suggested that CH4 in the northern YGR may be
of biogenic origin.

5.2 Helium in the Northern YGR and Its
Geological Significance
Hot spring volatiles show great difference in geochemical
characteristics in different geological background due to the
difference of deep heat source. The TP is rich in geothermal
resources, and its heat flows are higher than the continental mean
heat flow (Jiang et al., 2016; Jiang et al., 2019), indicating a high
thermal anomaly. The northern YGR and Tengchong volcanic
area are all located in the Lhasa block of the TP. The heat flow
value of the former is up to 319 m/Wm2 (in Naqu), while that of
the latter is 80–150 m/Wm2 (Hu et al., 2000). With the increase of
distance from the volcanic area, the heat flow value decreases
gradually (Sun et al., 2016). The Tengchong volcanic area has
experienced many volcanic eruptions since the late Miocene
(Wang et al., 2007), and its high heat flow is considered
related to lithosphere thinning caused by asthenosphere
upwelling (Sun et al., 2016). The helium isotope of Tengchong
hot spring is close to 8 Ra (Figure 2), which indicates that hot
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spring gas mainly derives from mantle magmatic degassing, and
this is also proved by subsequent studies on hot spring gas (Ren
et al., 2005; Xu et al., 2012). However, the helium isotope of the
northern YGR hot spring is less than 1 Ra, which is mainly of
crustal origin. Different from the Tengchong geothermal area, the
YGR is a typical non-volcanic high temperature geothermal area,
and Quaternary volcanic activity has not been found (Dor, 2003).
To understand the heat structure of the YGR, we calculated the
crust/mantle heat flow ratio by using helium isotopes and
expressed it as qc/qm. qc/qm values range from 0.84 to 1.48,
indicating that the crustal heat flow is the main contributor of
the heat flow (Wang, 2000; Tang et al., 2017), which is consistent
with the previously reported geothermal structure of the hot crust
and cold mantle in southern Tibet (Shi and Zhu, 1993).
Therefore, we suggested that the heat of the northern YGR
geothermal system may be contributed by the interior of the
crust although other scholars suggested that there is partial
melting in the boundary between the mantle and the lower
crust or the upwelling of molten magma from mantle wedges
beneath the northern YGR (Yokoyama et al., 1999; Zhang et al.,
2017).

The heat flow values of the geotectonic unit of the TP decrease
gradually from south to north, and this regional anomaly relates to
deep structure (Jin et al., 2019). The INDEPTH project found seismic
bright spots at the subcrustal 15–18 km in southern Tibet (from the
Tsangpo suture to theDangxiong graben), which are considered to be
partial melting in the crust (Brown et al., 1996; Kind et al., 1996;
Nelson et al., 1996). Therefore, the heat source of the northern YGR
may be the partially melted crust (Yuan et al., 2014). However, the
genetic mechanism of partial melting in the crust is still controversial.
On the TP, the overlapping shear friction heat generation of the
lithosphere during the collision orogeny may induce local melting in
the crust, resulting in the formation of abnormal heat flux in the crust
(Wang et al., 2013; Jin et al., 2019). Early geophysical and geothermal
spring geochemistry studies suggested that the partial melting is
silicate magma (Brown et al., 1996; Kind et al., 1996; Li and Hou,
2005). Later, Bea (2012) pointed out that radiogenic heating of the
crust is usually essential for the generation of large amounts of
granitic magma. 3D thermomechanical modeling simulation
suggested that radioactive heat and shear heating provide the heat
source for partial melting in the middle crust in Tibet (Chen et al.,
2019). The latest magnetotelluric study suggested that the partial
melting of the middle crust of southern Tibet was formed by crustal
radiant heat and strain heating in theMiocene (Xie et al., 2021). Other
geophysical studies suggested that the genesis of the YGR is related to
the asthenosphere upwelling and/or the tearing of the Indian plate
lithosphere (Chen et al., 2015; Wang et al., 2017a), that is, the partial
melting of the crust is formed by the upwelling of mantle material.
The results of helium isotope, carbon isotope, and the ratio of gas
composition to 3He in this study show that hot spring gas mainly
derives from the crust, given the tensile age of the YGR is basically
consistent with that of the melting of the middle crust, so we tend to
suggest the partial melting of the YGR crust formed by the stress heat
and radiation heat accumulated in the crust. Besides, the high heat
flow of the Lhasa block is mainly concentrated in the north–south
direction of Yangbajing–Lhasa–Naqu–Gudui area (Jiang et al., 2016),
and geothermal activities are also developed in the north–south

trending rift. Nábělek and Nábělek (2014) predicted the thickness
(~10–20 km) of the upper crust of brittle Tibet, which is consistent
with the focal depth of the earthquake and the distribution of the
crustal melting layer, indicating that the rift plays a role in connecting
with the deep heat source. In addition, we have observed that high
temperature hot springs are more developed in the rift than outside
the rift, indicating that granite also plays an indispensable role in the
supply of heat sources. Magmatic rocks are widely exposed in the rift,
and the lithology is mainly granite. The radiative heat provided by
granites may affect the shallow temperature of hot springs.

In a word, the helium isotopes of hot springs in the northern
YGR indicate that the partial melting in the crust provides heat
for the geothermal area, which was the stress heat during collision
between India and Eurasia on the one hand and the radioactive
heat of the crust on the other hand; the rift zone is the channel
between the surface hot spring and the heat source; the local
thermal difference of hot springs may be related to the
distribution of granites.

6 CONCLUSION

We have analyzed the gas geochemical characteristics of hot
springs in the north of Yadong-Gulu rift and found that the
volatiles of hot springs are mainly derived from the crust. To
further understand the geothermal structure of the Yadong-Gulu
rift, we calculated the heat flow ratio of the crust to the mantle
through helium isotopes and found that the heat flow is mainly
contributed by the crust. Helium isotopes of hot springs indicate
that the heat sources of hot springs are formed by crustal
processes. Combined with the analysis of geophysical data, the
results show that the tectonic heat and reflection heat of the
middle crust of the Lhasa block are partially melted due to the
collision of the Indo-Eurasian plate, and it provides heat for
geothermal activity in the rift.
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Carbon Isotope Composition and
Geochemical Features of Sediments
From Gongga Mountain, China, and
Potential Environmental Implications
Yingqin Wu1*†, Tong Wang2,3†, Yan Liu1, Rong Ma1,4 and Zhangxin Chen5*

1Key Laboratory of Petroleum Resources, Gansu Province/Northwest Institute of Eco-Environment and Resources, Chinese
Academy of Sciences, Lanzhou, China, 2School of Environment, Beijing Jiaotong University, Beijing, China, 3School of
Engineering, Newcastle University, Newcastle, United Kingdom, 4University of Chinese Academy of Sciences, Beijing, China,
5Department of Chemical and Petroleum Engineering, Schulich School of Engineering, University of Calgary, Calgary, AB, Canada

Using gas chromatography-triple quadrupole tandem mass spectrometry (GC-MS/MS),
the soluble organic matter was analyzed for the first time in twenty-two sediment samples
from the eastern slopes of the Gongga Mountain, China, at high altitudes between 4,600
and 6,700m. The C11-C33 n-alkanes and C9-C33 n-alkan-2-ones were identified in these
samples. Both compounds were dominated by odd carbon numbers in the long-chain
molecules and contained amaximum of n-C27 or n-C29, indicating that the sediments were
predominantly of higher plant origin. However, the short-chain n-alkan-2-ones, with a
maximum content of n-C17 or i-C18 (phytone, 6, 10, 14-trimethylpentadecan-2-one), did
not show a predominance of odd and even numbers, suggesting that they were
predominantly derived from bacteria and algae. Therefore, we suggest that the organic
matter in Gongga Mountain comes from three sources, i.e. bacteria, algae, and higher
plants. Stable carbon isotope (δ13C) values ranged from −24.6‰ to −27.3‰, indicating
that C3 plants were the dominant organic input to the sediments and suggesting a relatively
colder and drier depositional environment. However, C4 plants increase sharply at high
altitudes of 6,300–6,600m, suggesting that the paleoclimate of Gongga Mountain
became drier and wetter with the increase of altitude.

Keywords: n-alkanes, n-alkan-2-ones, geochemical features, carbon isotope composition, Gongga Mountain

INTRODUCTION

N-alkanes and n-alkan-2-ones are abundant in almost all plants and can account for more than 60%
of the epidermal lipids. Both of these organic compounds are relatively resistant to degradation after
plant decay (Poynter and Eglinton, 1991). These components can show signals of their presence in
the sediments (Jansen et al., 2008). Thus, the n-alkanes and n-alkan-2-ones can be particularly useful
as biomarkers for understanding the source of organic matter, and for tracking ecosystem changes
and reconstructing palaeo-vegetation (Nichols and Huang., 2007; Andreou and Rapsomanikis 2009;
Badewien et al., 2015; Li G. et al., 2018). For example, some indexes of long-chain n-alkanes reflect
the relative proportion of lower organisms such as bacteria, algae, and higher plants (Crausbay et al.,
2014; Wang et al., 2014; Bush and McInerney 2015; Howard et al., 2018). These indexes include the
n-alkane average chain length (ACL), the ratios of trees to grasses (n-C29/n-C31), the ratios of
∑n-C21-/∑n-C21+ in n-alkanes and a carbon preference index (CPI). In addition, the organic carbon
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isotope values (δ13C) can be used to estimate the relative
contributions of C3 and C4 plants, infer paleoclimate changes,
and to examine past primary productivity (France-Lanord and
Derry 1994). Consequently, we analyzed the biomarkers and the
organic carbon isotope values (δ13C) of surface sedimens along an
elevation transect on the eastern slope of Gongga Mountain,
ranging in elevation from 4,600 m to 6,700 m.

Some soil biomarkers may be useful tools for palaeo-
vegetation reconstruction (Didyk et al., 1978; Bai et al., 2020).
And while some relevant biomarker studies have previously been
done on low elevation soil samples from the Gongga Mountains
(Jia et al., 2008; Bezabih et al., 2011; Bai et al., 2011; 2020), the
studies on high elevation sediment samples are currently lacking.
The reason for this may be due to the fact that sampling becomes
much more difficult as the altitude increases. Our study aimed to
identify and understand the geochemical characteristics of high-
altitude ecosystems in the Gongga Mountain and to reconstruct
the local palaeo-vegetatio and track ecosystem changes by
measuring the carbon isotope composition and lipid
biomarkers in the sediments. Furthermore, in this study, we
used lipid biomarkers and δ13C analyses to determine how the
lipid biomarkers and carbon isotopes can be used to delineate the
source of organic matter and related processes.

SAMPLING AREA, SAMPLES AND
METHODS

Sampling Area and Samples
Gongga Mountain, is the highest peak (7,556 m a.s.l) in the
Hengduan Mountains. It is located approximately 30°N and
102°E in the middle and southern section of the Big Snow
Mountain Range and on the southeastern edge of the Tibetan
Plateau in Sichuan Province, southwest China. It is a unique
mountain in western China because it contains both modern
low-latitude glacial features and an integrated vertical vegetation
distribution ranging from subtropical forests to tundra. Compared
with other mountain ranges in China, before the Gongga Mountain,
the Gongga Mountain range still has an extensive area of primary
coniferous and deciduous forests to an elevation of 4,000 m. With a
vertical range of more than 6,300m along only 11 km of horizontal
distance, the eastward slope drops towards the Sichuan Basin in
southwestern China. The mean annual temperature is 4°C. The
annual rainfall is approximately 1938mm, and 85% of the rainfall
falls during May to October, according to the meteorological station
located 3,000 m above sea level (a.s.l) (Alpine Ecosystem
Observation and Experiment Station of Gongga Mountain,
Chinese Academic of Sciences). The regional climate is
characterized by typical monsoon patterns of temperature,
precipitation, and evaporation. This region is influenced by both
the Pacific and the Indian Ocean meteorological systems, which
bring southeasterly and southwesterly monsoons, respectively.
There are many special characteristics of the mountain ecosystem
and environment in the Gongga Mountain Region, including
tropical and subtropical cold-loving plant species (Luo et al.,
2015). The hottest months occur well within the rainy season,
from May to September, while evaporation peaks during the

sunny, pre-monsoon months (Thomas 1997, 1999). The eastern
slope of GonggaMountain, which is the transitional zone of the first
and second step in China, has disparate plant ecosystems at different
elevations (Thomas 1999; Zhong et al., 1999). Gongga Mountain is
therefore an area with very high biodiversity: approximately 2,500
plant species belonging to 869 genera and 185 families have been
identified in this region (Thomas 1999). However, the plant species
at high elevations (above the snowline) have not been reported. As a
result, selected study area is 4,600–6,700 m above sea level in a
typical ecosystem of Gongga Mountain east of the Tibetan Plateau
(Figure 1). In June 2012, 22 surface sediment samples (5–10 cm
above ground level) were collected from the eastern slope of the
GonggaMountain by removing the layers of snow, ice and litter. The
samples were collected over a period of 2 weeks. The altitude of each
sampling site was determined by using a GPS unit with an error of
±10m. Samples at each location were taken from three sub-samples
that were evenly mixed and bagged. These three sampling locations
were collected randomly within an approximate 10m radius using
an electric drill and metal shovel. All samples were wet, and each of
them was tightly sealed on site in polyethylene zipper bags. The first
bag was sealed in a second, “outer,” zipper bag to insure against
possible damage and leakage. Bagged samples were frozen
immediately after transit to the laboratory.

Analytical Methods
All sediment samples were dried at room temperature and crushed
to 100mesh. Powders were kept frozen at about −18°C until analysis.
An aliquot (~250 g) of each sample was Soxhlet-extracted with a
mixture of dichloromethane-methanol (93:7, v/v) for 72 h, and then
the extracts were separated into saturate, aromatic and polar
fractions by a glass chromatographic column packed with
activated silica gel and eluted by solvents of increasing polarity.
The details of the extraction and separation have been published
elsewhere (Wu et al., 2016). The fractions obtained were analyzed
using the full scan and the selected ion monitoring (SIM) modes.

FIGURE 1 | The vertical vegetation zonation and climatic conditions on
the eastern slope of Gongga Mountain, according to Zhong et al. (1999),
Thomas (1997) and Jia et al. (2008).
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A GC-MS/MS analysis was performed using a Hewlett-
Packard 7890 gas chromatograph (GC) coupled to a Hewlett-
Packard 7000B mass selective detector (MSD). The GC was fitted
with a HP-5 capillary column (30 m × 0.25 mm×0.25 μm,
Agilent, United States), based on a previous study (Wu et al.,
2016). The oven temperature was initially 80°C (1 min) and was
then increased to 290°C at a rate of 4°C/min and finally held at this
temperature for 30 min. Helium was used as the carrier gas at a
linear velocity of 28 cm/s, with a GC inlet temperature of 300°C
and the injector operating at a flow rate of 0.9 ml/min. The MSD
was operated with an ionization energy of 70 eV and a source
temperature of 230°C. Data were collected in full-scan mode and
scanned from 10 to 550 amu.

Organic carbon isotope analyses are carried out at Oil and Gas
Research Center, Northwest Institute of Eco-Environment and
Resources (Chinese Academy of Sciences). Firstly, dilute
hydrochloric acid was added to sediment sample to remove
inorganic carbon, and then the decarbonated and dried
sediment sample was analyzed using a Thermo Fisher MAT
253-Flash2000 mass spectrometer. Calibration measurements
were performed using a standard reference IAEA-600 (δ13C =
−27.77‰), with calculated standard deviations of less than 0.2‰
per 6 measurements resulting in δ13Corg (Coplen et al., 2006).

RESULTS

Total Organic Carbon Content and Its
Isotopes
The TOC contents of the samples range from 1.34 to 5.21% with
an average value of 2.99% (Table 1). In addition, the TOC content
showed a systematic variation with elevation, peaking in

sediments from an elevation of 5,100 m (Table 1). The δ13C
values range from −24.4‰ to −27.3‰ (Table 1), indicating that
C3 plants were dominant along the eastern slope of Gongga
Mountain (Wei et al., 2015).

Distribution of Aliphatic Hydrocarbons and
Alkanones
The distributions of n-alkanes and n-alkan-2-ones were
measured by mass chromatography of the fragment ions m/z
85 (Figure 2) and m/z 58 (Figure 3). These compounds were
identified by comparison of measured mass spectral data and
retention indices to published data (George and Jardine 1994;Wu
et al., 2012). The aliphatic hydrocarbon fraction consists mainly
of n-alkanes and isoprenoid alkanes (pristane (Pr) and phytane
(Ph)). Straight-chain alkanes are the most abundant
hydrocarbons in the extracts (Figure 2). The n-alkanes are in
the C11 to C33 range, with peaks of n-C27 or n-C29, and the
sediment samples studied show a uni-modal characteristic
distribution. The odd over even carbon number predominance
(OEP27) is significantly greater than 1.0 for all samples, ranging
from 3.29 to 6.27. The carbon preference index (CPI25–31) ranges
from 3.33 to 6.49, and the average chain length (ACL) ranges
from 27.37 to 28.33. In samples from elevations of 4,700 m,
5,400 m, 5,800 m, 5,900 m, 6,600 m, and 6,700 m, the Pr
content is higher than the Ph content, and the Pr/Ph ratios
range from 1.09 to 1.51. However, in other samples, the Ph
content is slightly higher than the Pr content, and the Pr/Ph ratios
range from 0.66 to 0.94 (Table 2 and Figure 4).

The n-alkan-2-ones range from C9 to C33 and are
characterized by bi-modal distributions with a higher relative
abundance of the higher-molecular-weight (HMW) homologues,
dominated by C27 or C29, and lower amount of short chain
n-Alkan-2-ones, dominated by n-C17 or i-C18 (phytone, 6,10,14-
trimethylpentadecan-2-one). The short chain components show
no strong odd/even carbon number preference; however, the long
chain components range from n-C23 to n-C33, with a strong odd/
even preference.

DISCUSSIONS

Vegetation Composition of the Study Area
and Depositional Conditions
The δ13C values of TOC in soils and sediments reflect the changes
of C4/C3 plant input ratios (France-Lanord and Derry 1994; Cayet
and Lichtfouse, 2001; Badewien et al., 2015). Typically, C3 plants
have δ13C values ranging from −20% to −32%, whereas C4 plants
have δ13C values from −9% to −17% (Denies, 1980; Farquhar
et al., 1989; Sukumar et al., 1993; Lim et al., 2010; Sun et al., 2012).
Yang, (2012) suggested that lower temperature and reduced
summer precipitation favoured C3 over C4 plant, i.e. C3 plants
dominated in cooler and drier conditions, whereas C4 plants
favoured warmer and wetter climates. To investigate the
paleoclimates and paleoenvironments on the east side of the
Tibetan Plateau, Southwest China, the δ13C values of the organic
matter in sediments were determined for the sediments along the

TABLE 1 | Results of TOC/δ13C(‰) analysis and calculated parameters of
samples at Gongga Mountain.

Sample# Altitude (m) TOC (%) δ13C(‰) (Das)

GGS-1 6,700 2.57 −25.2
GGS-2 6,600 2.13 −24.6
GGS-3 6,500 2.30 −24.4
GGS-4 6,400 2.08 −24.7
GGS-5 6,300 3.05 −24.7
GGS-6 6,200 3.11 −25.1
GGS-7 6,100 1.34 −25.4
GGS-8 6,000 2.57 −25.0
GGS-9 5,900 2.06 −25.2
GGS-10 5,800 1.46 −24.8
GGS-11 5,700 2.65 −25.4
GGS-12 5,600 3.23 −25.8
GGS-13 5,500 3.35 −26.2
GGS-14 5,400 3.85 −25.5
GGS-15 5,300 4.59 −26.1
GGS-16 5,200 3.91 −26.4
GGS-17 5,100 5.21 −26.0
GGS-18 5,000 2.68 −25.8
GGS-19 4,900 2.87 −25.9
GGS-20 4,800 3.59 −25.1
GGS-21 4,700 3.30 −27.3
GGS-22 4,600 3.77 −26.1

TOC, total organic carbon.
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eastern slope of Gongga Mountain. As shown in Table 1 and
Figure 4, these values range from −24.6‰ to −27.4‰; the lower-
altitude sediments had lower δ13C values, while sediments from
6,300–6,600 m had higher δ13C values of −24.7‰, −24.7‰,
−24.4‰ and −24.6‰, respectively. These results indicate that
C3 plants were likely important contributors to organic
compounds in the sediments. Therefore, in general, the
climate was probably cold and dry along the eastern slope of
Gongga Mountain. The results also showed that the lower-
altitude sediments had lower δ13C values, suggesting that the
more terrigenous C3 plants dominated at lower altitudes. In
addition, the δ13C values of organic matter in sediments
tended to be positive with increasing altitude. From this
phenomenon, we speculated whether some amount of C4

plants could have been present. If C4 plants are present, then
a temporary warming and wetting of the palaeoclimate at
6,300–6,600 m may have occurred. (Sukumar et al., 1993; Liu
et al., 2005; Xue et al., 2014). However, its cause needs to be
further investigated.

The n-alkanes were dominated by n-C27 or n-C29 with a single
peak distribution (Figure 2). OEP27 was significantly greater than
1.0 for all samples (ranging between 3.29 and 6.27). Furthermore,
at 4,600, 4,800, 5,200, and 5,500 m, the distribution of n-alkanes
in the sediments showed a clear odd-numbered dominance,
suggesting a dominant contribution from higher plants, but
also a small input of algae (Lichtfous et al., 1994). In addition,
no significant correlation was found between the Pr/Ph ratio and

altitude. In samples from elevations of 4,700, 5,400, 5,800, 5,900,
6,600 and 6,700 m, the Pr/Ph ratios range from 1.09 to 1.51,
indicating weakly oxic depositional conditions. However, in other
samples, the Ph content is slightly higher than the Pr content, and
the Pr/Ph ratios range from 0.66 to 0.94 (Table 2 and Figure 4).
These results are indicative of a suboxic reductive environment
(Hughes, Holba, and Dzou. 1995; Rontani et al., 2013).

Relationship Between δ13C Values and
Altitude, Temperature and Humidity
The change in δ13C value of TOC varied between −24.6‰ and
−27.3‰from 4,700 m to 6,700 m above sea level on the eastern
slope of Gongga Mountain (Table 1). Linear regression analysis
showed that δ13C values of sediments were positively correlated
with altitude (Figure 5). The changes in δ13C value and altitude
were characterized by an abrupt fall from 4,600 to 4,700 m,
followed by an abrupt increase at 4,800 m. Then, the values
were rather stable between 4,900 m and 6,200 m, followed by
an moderate increase from 6,300 m to 6,600 m (Figure 4, 5).

The stable carbon isotope values (δ13C) of sediments in
Gongga Mountain ranged from −24.6‰ to −27.3‰, indicating
that C3 plants were the main organic inputs to the sediments
(Vogts et al., 2009). The increase in C3 plants from low altitude to
high altitude in Gongga Mountain was suggested to reflect the
influence of decreasing temperature. Thus, the general trend
showed a relatively drier and colder sedimentary environment

FIGURE 2 | Distributions of n-alkane in the sediment samples from Gongga Mountain.
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with the increase of altitude. However, there was a sharp increase
of C4 plants from 4,700 m to 4,800 m, and a mild increase of C4

plants from 6,300 m to 6,600 m. This phenomenon reflected that
there may be a temporary warming trend in the altitude range of
4,700 m to 4,800 m and 6,300 m to 6,600 m. The cause of this
phenomenon need to be considered in future studies.

Molecular Abundance, Distribution, Origin
and Potential Significance of n-Alkanes
n-Alkanes are widely present in plants and other organisms. The
source of organic matter can be traced through the distribution
characteristics of n-alkanes because different biological sources of
n-alkanes possess different distribution characteristics. Previous
studies showed that n-alkanes from lower organisms range from
n-C15 to n-C20, often with n-C17 or n-C19 as the dominant
compounds and without an obvious odd-over-even preference
(Eglinton and Hamilton 1967). In contrast, long-chain n-alkanes
are mostly derived from epicuticular waxes of leaves from
vascular higher plants (Meyers 1997; Fang et al., 2014; Cortina
et al., 2016). In addition, woody plants display n-alkane
distributions dominated by C27 or C29 n-alkanes, whereas
grasses produce distributions dominated by the C31 n-alkane
(Li et al., 2016). Hence, n-alkane distribution patterns can be used
to estimate changes in vegetation types (Al-Aklabi et al., 2016).
Modern organic geochemistry of molecules shows that the ratio

∑n-C21
-/∑n-C21

+ reflects the proportion of lower organisms,
such as bacteria and algae relative to higher plants (Li G.
et al., 2018). In this study, the n-alkane carbon numbers range
from C11 to C33 with maxima at n-C23 to n-C31 (Figure 2) and
exhibit a unimodal distribution. The main peaks of unimodal
distribution are at n-C27 or n-C29, and the long-chain n-alkanes
had odd-carbon-number predominance, indicating that they
were mainly derived from terrestrial higher plants. As shown
in Table 2, the ratio ∑n-C21

-/∑n-C21
+ ranged from 0.07 to 0.29

(average 0.64), also suggesting that higher plants were the main
source of organic matter to sediments at elevations from 4,600 m
to 6,400 m.

The n-alkane CPI in sediment is also an indicator of the
sources of organic matter (Collister et al., 1994; Routh et al.,
2014). Hydrocarbons composed of a mixture of compounds
originating from land plant material show a predominance of
odd-numbered carbon chains with CPI = 5–10 (Eglinton and
Hamilton 1967; Collister et al., 1994; Bi et al., 2005; Duan and Xu
2012), whereas anthropogenic and reworked materials have low
CPIs of approximately 1.0 (Bray and Evans 1961; Mille et al.,
2007). CPI values close to 1.0 are also thought to indicate a greater
input from marine microorganisms and/or recycled organic
matter (Bi et al., 2005). High-molecular-weight n-alkanes in
these sediment samples range from n-C23 to n-C33, with the
most abundant being n-C27 and n-C29. A clear predominance of
odd-carbon-number compounds is exhibited, as indicated by the

FIGURE 3 | Distributions of n-alkane-2-ones in the sediment samples from Gongga Mountain.
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carbon preference index (CPI25-31: 3.33–6.49, average: 5.32;
OEP27: 3.80–6.25, average: 5.22) (Table 2), typical of a
terrestrial leaf wax and higher plant source. This strong odd-
over-even predominance indicates that the source of the
n-alkanes in the sediments was terrestrial higher plants. On
the other hand, the CPI values seem to be related to elevation.
For instance, with the exception of sample GGS-7 (6,100 m), the
CPI values from low elevation samples were higher than those
samples from a high elevation. These results showed that the
whole slope of GonggaMountain was dominated by higher plants
and with microbial footprints (Howard et al., 2018). Furthermore,
as seen in Table 2, CPI values for samples from lower altitudes
below 6,000 m ranged from 4.23 to 6.49 with an average of 5.56,
indicating that n-alkanes are more often synthesized by
higher plants, while CPI values for samples from higher
altitudes above 6,000 m ranged from 3.33 to 5.99 with an
average of 4.95, indicating that bacterial fingerprints increase
with altitude.

Molecular organic geochemistry has also demonstrated that
the n-C29/n-C31 ratio of n-alkanes is indicative of the relative
proportion of woody plants to grassy plants (Meyers 1997; Ficken
et al., 2000; Li G. et al., 2018). The C29 n-alkanes dominate the
sediments and have little variability, indicating that trees
dominated Gongga Mountain and that the climate was
relatively stable. The ratio of the C29 n-alkane to C31 n-alkanes
for all samples varied between 4.94 and 1.76, with a relatively wide
range and smaller values at lower altitudes (Table 2), indicating a
relatively warm and humid climate at lower altitudes. This is due
to the fact that as the ratio of C29/C31 becomes smaller, C31, which
represents grassy plants, gradually increases, indicating that
grassy plants multiply vigorously as they prefer a relatively
warm and humid climate to grow in. In addition, a high ratio
of these alkanes indicates a change from a humid to an arid
climate. As shown in Table 2, the average ratio of n-C29/n-C31

tends to be high (3.6 > 1) for all samples, indicating that the
deposition of the top section between approximately 4,600 m to

TABLE 2 | Altitude and biomarker parameters of the sediment samples along eastern slope of Gongga Mountain.

Sample Altitude
(m)

n-Alkane Isoperiod n-alkan-one

CPIa25–31 OEPb
27 C21-/

C21+

C29/
C31

ACLc Pr/
Ph

Pr/
nC17

Ph/
nC18

CPIa25–31 OEPb
27 C21-/

C21+

C29/
C31

GGS-1 6,700 4.87 4.67 0.13 4.34 27.69 1.51 0.55 0.34 2.86 3.35 0.12 1.47
GGS-2 6,600 5.07 4.93 0.18 4.04 27.76 1.17 0.48 0.51 3.04 3.63 0.13 1.51
GGS-3 6,500 4.86 4.80 0.16 3.55 27.73 0.67 0.48 0.63 2.89 3.43 0.16 1.42
GGS-4 6,400 5.44 5.03 0.21 3.93 27.86 0.92 0.47 0.45 3.10 3.91 0.20 1.42
GGS-5 6,300 5.34 5.32 0.15 4.17 27.67 0.96 0.42 0.45 2.78 3.40 0.15 1.53
GGS-6 6,200 5.99 5.51 0.10 3.80 27.83 0.84 0.40 0.44 3.07 3.80 0.10 1.49
GGS-7 6,100 3.33 3.29 0.16 4.16 27.37 0.92 0.43 0.51 2.99 3.74 0.25 1.88
GGS-8 6,000 5.37 5.19 0.07 5.52 27.75 0.82 0.49 0.56 3.31 4.15 0.13 1.52
GGS-9 5,900 5.60 5.60 0.06 4.94 27.69 1.55 0.75 0.56 3.15 3.76 0.08 1.51
GGS-
10

5,800 4.79 4.45 0.12 4.35 27.61 1.09 0.54 0.46 3.13 3.83 0.08 1.77

GGS-
11

5,700 4.23 3.80 0.29 3.16 27.64 0.96 0.44 0.50 3.18 4.26 0.22 1.70

GGS-
12

5,600 5.48 5.65 0.16 4.31 27.59 0.86 0.47 0.52 3.80 5.13 0.15 1.97

GGS-
13

5,500 6.23 6.27 0.10 3.26 27.87 0.85 0.65 0.59 3.34 4.11 0.10 1.63

GGS-
14

5,400 4.54 4.41 0.15 3.60 27.56 1.17 0.46 0.47 3.06 3.71 0.12 1.82

GGS-
15

5,300 6.45 6.05 0.16 2.85 28.05 0.68 0.39 0.51 3.68 4.27 0.13 1.61

GGS-
16

5,200 6.36 6.25 0.12 2.96 27.92 0.77 0.43 0.56 3.43 4.43 0.16 1.54

GGS-
17

5,100 5.52 5.28 0.15 2.65 27.80 0.94 0.42 0.48 3.48 4.39 0.12 1.88

GGS-
18

5,000 5.24 5.59 0.08 2.03 27.75 0.69 0.46 0.48 3.43 4.09 0.12 1.38

GGS-
19

4,900 5.45 5.58 0.13 4.30 27.59 0.66 0.45 0.67 3.35 4.13 0.14 1.40

GGS-
20

4,800 6.25 6.02 0.14 1.76 28.08 0.82 0.42 0.55 3.50 4.04 0.28 1.42

GGS-
21

4,700 5.46 4.96 0.10 2.27 28.14 1.15 0.50 0.65 3.47 4.00 0.28 1.42

GGS-
22

4,600 6.49 6.21 0.15 1.92 28.33 0.61 0.45 0.55 3.50 4.02 0.28 1.41

aCPI25–31 = 0.5×[(C25 + C27 + C29 + C31)/(C24 + C26 + C28 + C30)+(C25 + C27 + C29 + C31)/(C26 + C28 + C30 + C32)].
bOEP27=(C27+6C29 + C31)/4(C28 + C30).
cACL = [25(C25)+27(C27)+29(C29)+31(C31)+33(C33)]/(C25 + C27 + C29 + C31 + C33).
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6,700 m occurred under relatively continuous humid climate
conditions.

Another useful parameter from the n-alkane distribution is the
average chain length (ACL), which has been suggested to change
with plant types. Woody plants display n-alkane distributions
dominated by the C27 or C29 n-alkanes, whereas grasses have
distributions dominated by the C31 n-alkane (Gamarra and
Kahmen 2015; Li et al., 2016). The average ACL is 29.5 for
grass, 28.4 for reeds and 27.9 for tree leaves (Duan and Xu 2012).
Therefore, grasses usually have high ACL values relatively to
those of trees. In our results, samples from elevations of 4,600,
4,700, 4,800, and 5,300 m had ACL values of 28.33, 28.14, 28.08
and 28.05, respectively, while samples from 4,900 m to 6,700 m
had ACL values from 27.37 to 27.87 (Table 2 and Figure 6),
which are in the range of tree leaves (Duan and Xu, 2012),

indicating that woody plants were the main vegetation. In
addition, a plot of ACL27-31 vs. altitude (Figure 6) showed
that a quadratic relationship exists between these two
variables, with lower ACL27-31 values occurring at mid
altitudes and higher values occurring at low and high
altitudes. The n-alkane ACL27-31 values reach a minimum in
samples from 6,100 m, and the intermittent decrease in ACL in
samples from 6,100 m may indicate a temporal increase in
merged C4 plants. These results also suggest that the region
underwent a relatively cold and wet climate because plants in
colder/wetter areas have lower ACL27-31 values than those in
warmer/drier areas (Zhou et al., 2005; Bush andMclnerney 2013).
Furthermore, the n-alkane mean chain length ACL27-31 ratio
gradually decreased and the n-alkane (C29/C31) ratio gradually
increased as altitude increased from 4,600 m to 6,100 m (ACL27-

FIGURE 4 | Variation of CPI25-31, OEP27, C21-/C21+, C29/C31, Pr/Ph, Pr/nC17, Ph/nC18, and δ13C of n-alkane and n-alkan-2-one in the studied samples.

FIGURE 5 | Plot of δ13C versus altitude for the analyzed sediment
samples from Gongga Mountain in the Sichuan Basin.

FIGURE 6 | Altitudinal variations of ACL27–31. ACL27–31 is calculated
from weighted-mean chain length of C25, C27, C29, C31 and C33 n-alkanes.
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33: 27.37–28.33, average: 27.79 and C29/C31: 1.76–5.52, average:
3.54) (Table 2 and Figure 6), indicating an increase in woody
plants, which produce a large proportion of the C27 and C29

n-alkanes. This pattern can be best explained in terms of
vegetation; that is, woody plants dominate the paleosols, and
grasses have less influences, especially near 6,000 m. The increase
in the C29/C31 ratio from 4.94 to 5.52 with some oscillations in
samples from 5,900 to 6,000 m is possibly caused by a decrease in
grasses, which produce large proportions of the C29 n-alkane
(Zhou et al., 2005). In contrast, the C29 n-alkanes dominate the
sediments from 5,900 to 6,000 m and biomarkers vary with
relatively greater amplitudes and at a higher frequency,
indicating that woody plants were dominant and that
relatively wetter conditions prevailed during these altitudes.
This results in a slightly different conclusion than those drawn
from other parameters: i.e., the climate became wetter and colder
at 6,100 m. The explanation for this discrepancy needs to be
further explored.

Distribution Characteristics and Possible
Source of n-Alkan-2-ones
n-Alkan-2-ones are commonly observed lipid components of
sediments from Gongga Mountain. In all samples, the n-alkan-2-
ones range fromC9 toC33 and have a bimodal distribution (Figure 3).
Lower-molecular-weight (LMW) n-alkan-2-ones (C9-C21), which
reach maximum values at n-C17 or i-C18, dominant samples from
4,600m to 6,700m, while higher-molecular-weight (HMW) n-alkan-
2-ones (C23-C33), with a mode at C27 or C29, dominate in all samples.
Their ∑n-C21-/∑n-C21+ ratios and the carbon preference indices of
the HMW (C23-C33) n-alkan-2-ones (CPI) sensitively reflect the
variations in the sediment ecosystem response, also indicating that
the organic matter in this sediment was derived from terrestrial
herbaceous plants, but was probably reworked by bacteria.

In some studies, n-alkan-2-ones that have a close resemblance
to the terrigenous n-alkane distributions have led several authors
to propose that microbial oxidation of n-alkanes is the source of
n-alkan-2-ones, with β-oxidation of fatty acids followed by
decarboxylation as an alternate pathway (Volkman et al., 1981;
Albaiges, Algaba, and Grimalt 1984; Lehtonen and Ketola 1990;
Nichls and Huang 2007). In GonggaMountain sediment samples,
the n-alkan-2-one distribution appears to result from the mixing
of two populations of compounds: the long chain components
(C23-C33), which have a strong OEP, and the short chain
components (C9-C22), which have no OEP (Table 2 and
Figure 3). The distribution of n-alkanes in all samples is
analogous to that of the n-alkan-2-ones (Figure 2 and
Figure 3), with a long-chain alkane OEP and a short-chain
alkane with no OEP, indicating that n-alkan-2-ones originated
from microbiological subterminal oxidation of n-alkanes
(Cranwell, Eglinton, and Robinson 1987; Lehtonen and Ketola
1990). The dominance of the C29 homologue in both the HMW
n-alkanes and the n-alkan-2-ones throughout the sediments
suggests that the oxidation of n-alkanes is the favorable
pathway (Chen et al., 2019).

Furthermore, the C29/C31 and C21-/C21+ ratio curves of
n-alkanes and n-alkan-2-ones essentially parallel each other,

with higher values present in samples from 5,700 m to
6,100 m, suggesting the n-alkan-2-ones may be formed from
the microbial oxidation of the corresponding n-alkanes, as
previously proposed (Albaiges, Algaba, and Grimalt 1984;
Nichls and Huang. 2007; Wu et al., 2012).

In addition, Figure 7 shows a ternary diagram for the same
three n-alkanes and n-alkan-2-ones (C27, C29 and C31) from the
eastern slope of Gongga Mountain; there are two recognizable
clusters in these samples. The n-alkanes cluster plots are close to
the region that characterizes wood plants. However, the n-alkan-
2-ones cluster plot near the position characterized by grasslands.
This difference can best be explained in terms of vegetation; that
is, trees dominate the components of the sediment samples, with
some increase in the contribution of grasses during the warm
stages.

CONCLUSION

The n-alkanes and n-alkan-2-ones were analyzed in sediment
samples from Gongga Mountain, Sichuan Basin, on the
southeastern edge of the Tibetan Plateau, southwest China.
The n-alkanes and n-alkan-2-ones were from a mixed source
of bacteria, algae and terrestrial higher plants, and were mainly
derived from terrestrial higher plants.

The C9-C21/C23-C33 ratios and the carbon preference indices
of the HMW (C23-C33) n-alkan-2-ones (CPI) of the samples
sensitively reflect the variation in the sediment ecosystem’s
response to climate. The CPI and ACL values of n-alkanes in
sediments from low latitudes were higher than those from high
latitudes. The CPI and ACL values for different climate zones can
also indicate the variation in the sediment ecosystem’s response
to climate.

FIGURE 7 | Ternary diagram for C27, C29 and C31 n-alkane and n-alkan-
2-one in the studied samples.
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The stable carbon (δ13C) analyses of the sediments showed
that the biomes in the study area were dominated by C3 plants
through paleosol cycles and cold and dry climatic conditions
existed in the past.
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Paleoenvironmental Changes Since
the Late Pleistocene Revealed by
Ostracodes Record in Changmu Co.,
Western Tibet
Gao Song and Hailei Wang*

MNRKey Laboratory of Saline Lake Resources and Environments, Institute ofMineral Resources, Chinese Academy of Geological
Sciences, Beijing, China

A 4.9-m profile (BG-1) in Changmu Co., western Tibet, provides a continuous climate
record from the Late Pleistocene to mid-Holocene on the basis of ostracode assemblages
and shell trace elements. The results show six distinct climate change zones from 23.4 to
4.9 ka BP based on U-Th dating. The climate remained extremely cold until 13 ka BP
because of the influence of the Last Glacial Maximum, which was indicated by the rare
ostracodes occurring in this period. After that, the temperature rose gradually and the
paleolake (ChangmuCo.) enlarged. The ostracode assemblage during this period had high
abundance and diversity, although the dominance of cold-water species and low Mg/Ca
ratios indicate that the climate was still cold. More runoff water from a relatively warm
climate entering into the lake, suggested by the increased U/Ca and Mn/Ca, led to a high
lake level of 13–10.5 ka BP; this trend was also verified by the decreasing Sr/Ca values.
The climate changed from humid to drought between 10.5 and 7.9 ka BP, which was
inferred from the decreased abundance of ostracodes; however, there was a short humid
period from 9.5 to 9.2 ka BP suggested by increased U/Ca and Mn/Ca ratios. A gradual
transition to a humid environment began at 7.9 ka BP and ended at 5.3 ka BP. After this
period, an extremely arid climate occurred after rising temperature and increasing
evaporation, indicated by sharply increased Mg/Ca and Sr/Ca ratios. Eventually, the
Changmu Co. paleolake shrank and dried up at some time after 4.9 ka BP. The changes in
paleoclimate in Changmu Co. since the Late Pleistocene corresponded well to changes
that occurred in the Westerlies-dominated Central Asia, suggesting that the climate in this
region was mainly controlled by Westerlies circulation.

Keywords: ostracodes, trace elements, paleoclimate, late Pleistocene, Western Tibet

INTRODUCTION

Lake sediment is a useful material for paleoenvironmental and paleoclimatic studies because of its
wide distribution and excellent continuity. Lake sediment also contains a variety of proxies, such as
pollen, diatoms, ostracodes, clastics, and carbonate materials (Bradley 1998; William et al., 2001). A
large amount of valuable paleoenvironmental data has been obtained from lake sediments in various
parts of the world, and these data have been widely used for regional comparison and reconstruction
of the paleoenvironment (Kim et al., 2015; Li et al., 2016; Lu et al., 2017). Ostracodes are aquatic
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bivalved crustaceans that live in most types of water bodies. They
have a sensitive response to many environmental factors,
including temperature, salinity, and lake water depth (Löffler,
1997; Curry, 1999; Yilmaz and Külköylüoglu, 2006; Song et al.,
2015a), and they are important paleoenvironmental indicators in
non-marine environments. Generally, different species of
ostracodes prefer different environmental conditions and can
flourish in these habitats (Yang et al., 2006). Ostracode shells,
comprising low-Mg calcite, have also been used widely in
paleoclimate studies (Chivas et al., 1983, Chivas et al., 1985,
Chivas et al., 1986a, Chivas et al., 1986b; Holmes et al., 1995;
Cronin et al., 2000; Schwalb, 2003; Decrouy et al., 2012; Schwalb
et al., 2013). Trace element ratios in ostracode shells can be used
as proxies for paleoclimate in lacustrine environments. The Mg/
Ca molar ratio normally has a positive correlation with salinity
and temperature of host water, while the Sr/Ca ratio is only
positively related to the salinity of water (Holmes et al., 1999). The
U/Ca ratio has been examined to infer past oxygen levels in the
bottom water of the lake (Ricketts et al., 2001), with decreasing
U/Ca value indicating lower oxygen availability (Yang et al.,
2014). Mn can serve as a sensitive proxy for water level
fluctuations in arid regions, and a long-term decrease in the
input of Mn reflects a long-term climate drying (Yang et al.,
2013).

A 12.4 m sediment core in the Lake Bangong basin,
approximately 45 km to the west of Changmu Co.,
recorded environmental changes during the Holocene from
9.9 ka BP based on the radiocarbon ages (Fan et al., 1996;
Fontes et al., 1996; Gasse et al., 1996; Van Campo et al., 1996).
Climate changes and local hydrological factors may have
induced extremely large changes in environmental
conditions, which were revealed from the mineralogy,
δ13C, and δ18O contents of authigenic carbonates. The
regional climatic change was the major driving factor for
ecological and hydrobiological changes in the lakes of western
Tibet, as indicated by these biogenic remains. However, these
studies do not mention the cause of climate change in western
Tibet, which is a critical question and requires more study of
paleoclimate records. The characteristics of paleoclimate

evolution in Changmu Co. were almost unknown before,
but such information is required to discuss the controlling
factors of climate change in western Tibet. Here, we present
the records of ostracode assemblages and trace elements in
two species (Limnocythere dubiosa and Leucocythere
subsculpta) in a profile from Changmu Co. (Figure 1) to
characterize the high-resolution climatic changes in western
Tibet since the Late Pleistocene. We also compare these
changes with the paleoclimate records from other lakes in
arid Central Asia to discuss the controlling factors of climatic
evolution.

GEOLOGICAL SETTING AND CLIMATE

The BG-1 profile (33°27′48.53″N, 80°16′44.62″E, 4,313 m) is
on the bank of Changmu Co. (Figure 1). Lake Changmu Co. is
located approximately 50 km east of Rutog County in western
Tibet. The catchment geology is characterized by light-
colored gravel, gravel-silty soil, silty clay, and calcareous
clay of the Pleistocene and Holocene (Liu et al., 2013). The
areas are surrounded by two mountain ranges, the
Karakorum Mountain to the north and the Gangdise
Mountain to the south. The two mountain chains are
glacier-developing regions that can provide ice meltwater
to Changmu Co.

The research area is located in an extremely arid and cold
region. The mean annual precipitation is 87 mm according to
NASDE monitoring data from 2010 to 2014 (Hou et al., 2002),
which is about 1/30 of potential evapotranspiration. The mean
annual air temperature is about 2°C.

MATERIALS AND METHODS

Profile BG-1 in Changmu Co. is about 490 cm thick. The
upper 284-cm sediments were sampled at 4-cm intervals in
the field for ostracode fossils, while it was sub-sampled at
5–6 cm intervals from 284 to 490 cm. Eight dating samples

FIGURE 1 | Location of the research area in Tibetan Plateau and position of Bangong Co., Changmu Co., Tai Co., and BG-1 profile in western Tibetan Plateau.
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collected at different horizons in the upper 4 m are shown in
Figure 2.

230Th/234U Age Estimate in Carbonates and
Experimental Procedures
U-series disequilibrium dating is based on the accumulation of
230Th as a result of the incorporation of 238U and 234U into the
CaCO3 lattice at the time of formation. 230Th is a daughter
product of 234U with a half-life of 75.2 ka. Because uranium
solubility in natural water allows its precipitation with calcite,
while thorium is quickly absorbed or precipitated as insoluble
hydrolyzates when brought into solution, assuming that the
initial amount of 230Th and 232Th incorporated into CaCO3 is
zero, most or all of the 230Th measured in carbonates will have
been derived from the decay of 234U (Ma et al., 2012). The age of
carbonates can be determined from the extent of disequilibria
between 230Th and 234U and between 234U and 238U by the
following equation (Kaufman and Broecker, 1965).

Eight samples, including five shell samples and three
carbonate-bearing clay samples, were submitted to the
Uranium Chronology Laboratory of the Institute of Geology
and Geophysics, Chinese Academy of Sciences for U-series
dating. The five shell samples and one carbonate-bearing clay
sample (BG-41) had high amounts of carbonate, providing
confidence that the U-series technique should be suitable for
dating these samples. The samples of BG-67 and BG-82 contained
much detritus, and we corrected the detrital 230Th of them with
the leachate–leachate (L/L) scheme (Schwarcz and Latham,
1989), which could be applied to impure carbonates and had
yield-reliable age results in some cases (Peng et al., 2014). In order
to establish a chronology, the Iso/Ex program (Ludwig and

Titterington, 1994) was used to determine 232Th-free (230Th/
238U) and (234U/238U) compositions by Osmond type-II
regression techniques in an X-Y-Z plot (Wang et al., 2021).
The reliability of a derived isochron age can be established
statistically using the probability of fit and the mean sum of
weighted deviations (MSWD) (Ludwig and Titterington, 1994).
In cases where an isochron can be reliably fitted to the data set
(probability of fit≈1, MSWD≤1), it can be assumed that the
uncertainties associated with the age are a function of the
analytical uncertainties (Candy et al., 2005, Alcaraz-Pelegrina
and Martínez-Aguirre, 2007; Ma et al., 2010b).

About 8–10 g of the subsamples were weighed and baked in
an oven at 800°C for 2 h after samples were crushed and
homogenized and then dissolved in 2 M HNO3 (samples of
BG-67 and BG-82 were dissolved with different nitric acid
concentrations). As carrier and yield tracer, about 10 mg of
Fe3+ and 228Th-232U spike was added to the sample solutions.
Concentrated NH4OH was then added to the solution to allow
U and Th to co-precipitate with Fe. Briefly, the solution was
centrifuged to separate the precipitate, subsequently dissolved
in 8 M HCl, and loaded onto an 8-M HCl-conditioned anion
exchange column (BIORAD AG1×8, 100–200 meshes, 10 ×
1 cm). Thorium passed through the column, while U and Fe
were retained by the resin. Iron was washed off the column
with a solution of 8 M NH4NO3-0.1 M HNO3. After removing
the residual NH4NO3 with about 2 ml of 8 MHCl, U was eluted
with 0.1 M HNO3. The Th aliquot was evaporated to dryness
and dissolved in concentrated HNO3 to yield a 7 M HNO3

solution that was then loaded onto the same anion column,
being converted to the NO3-form. Th was eluted off the
column with 8 M HCl. The purified U and Th fractions
were evaporated to dryness and taken up with 0.1 M HNO3.

FIGURE 2 | Lithology characterization of BG-1 in Changmu Co. and eight U-series sample horizons in the profile with dating results.
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Th and U were then extracted with an 0.4-M TTA-benzene
mixture at pH of 1–1.5 and 3–3.5 and evaporated onto stainless
steel planchets heated on a hot plate. The planchets were
burned to decompose the organic compounds in the
extracted solution before final instrumental measurements.
The recovery of this procedure is 85% for Th and 50% for U.

Alpha-spectra of U and Th isotopes were determined using
an Octête plus alpha spectrometer, with a vacuum of 20 mT
and an energy resolution (FWHM) of about 25 keV at
5.15 MeV. The measured alpha spectra of U and Th
isotopes were corrected by variable factors (Ma et al., 2010a).

Ostracode Fossils Analysis and ICP-MS
Fifty grams of each sediment sample was soaked in deionized
water for approximately 3 days and then sieved with a 200-
mesh sieve. The sieved materials were dried at room
temperature for the selection of ostracodes. We identified
these ostracode species on the basis of “Chinese ostracode
fossils (volume I and II)” (Hou et al., 2002; 2007). Two species
of ostracodes, Limnocythere dubiosa and Leucocythere
subsculpta, were selected and cleaned using a paintbrush
with deionized water under the microscope for trace
elements analysis in this study. All picked adult valves were
generally well-preserved and hyaline. No dissolution evidence
or clearly visible coating was observed on them. Totally, 38
valves for L. dubiosa and 43 valves for L. subsculpta were
obtained from different depths of the BG-1 profile. After
cleaning, the valves were dried and then fixed on glass
slides using epoxy for ICP-MS analysis.

In situ trace element analysis for single valves was
performed using an X-Series ICP-MS (Thermo Fisher
Scientific, Germany) coupled with a J-100 343-nm Yb:
Fiber femto-second laser ablation system (Applied Spectra,
United States) housed at the National Research Center for
Geoanalysis, Chinese Academy of Geological Sciences
(CAGS), Beijing, China. Helium gas carrying the ablated
sample aerosol from the chamber is mixed with argon
make-up gas and nitrogen as an additional diatomic gas to
enhance sensitivity. A baffled-type smoothing device was
used in front of the ICP-MS to reduce fluctuation effects
induced by laser-ablation pulsed and improve the quality of
the data (Tunheng and Hirata., 2004). The ostracode valve
samples were ablated for 50 s at a repetition rate of 8 Hz, at
10 J/cm2, and ablation pits were ~50 μm in diameter. The
calibration was performed externally using two NIST SRM
610 and one NIST SRM 612 for every 10 samples, with Ca as
the internal standard to correct for instrument drift. Data
reduction was carried out with the commercial software
ICPMSDataCal 10.8 (Liu et al., 2008). Repeated analyses of
the standards SRM 610 and SRM 612 indicate that both
precision and accuracy are better than 10% for most
analyzed elements (Li et al., 2018). Yang et al. (2014)
suggested that the trace element ratios obtained by the
spot analysis for the ostracode shells of the same taxa from
the same depth in Tibet agreed well with that of the line-scan
analysis and also reflected the hydrologic and hydrochemical T
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changes effectively in the lake system, so we carried out two
craters for each sample, and we assumed that the mean value
was representative of the composition of the whole specimen.

RESULT

Chronology
The results of the radiochemical analyses on each of the samples
are listed in Tables 1, 2. Activity ratios of 234U/238U of six samples
in Table 1 range from 1.620 to 1.711, and the similar uranium
isotopic ratios in the whole sequence indicate that the source of
lake water is uniform in the Changmu Co. area and the
sedimentary environment is relatively stable. In Table 2, the
POF andMSWD of BG-67 and BG-82 are 0.012 and 2.5 and 0.076
and 1.8, respectively, meaning the dispersion degree of each sub-
sample on the isochron is large, which may reduce the reliability
of the dating. However, the two ages fall in the whole age profile
sequence, which has a good corresponding relationship with the
stratigraphic sequence. Therefore, the two age data can be
acceptable geologically.

Sediments in the upper 4 m of profile BG-1 recorded
environmental evolution history in this area during
19.1–5.4 ka BP. Comparing the ages with corresponding
positions in the profile, all ages were in stratigraphic order
within the analytical errors, which allowed the establishment
of a reliable chronology (Figures 2, 3). We plotted the age of
4.9 ka BP on the top of the BG-1 profile and 23.4 ka BP at the
bottom by extrapolation due to the similar lithology. Most
sedimentation rates varied from 0.12 mm/a to 0.29 mm/a,
except 0.8 mm/a during 5,500 to 5,400 a BP and 0.73 mm/a
during 9,500–9,170 a BP. The huge differences in
sedimentation rate were highly related to the variations in
lithology. From 5,500 to 5,400 a BP, the lithology was
dominated by waterweeds, while during 9,170–9,500 a BP,
shell fossils dominated. The rapid growth of waterweeds and
shells resulted in a higher sedimentation rate.

Ostracode Assemblages
A total of 106 samples were analyzed for ostracode fossils, and 62
samples contained ostracode shells. The largest abundance
appeared at 12.2 ka BP with about 890 shells/g. The shells
were especially common in the depth of 224–152 cm

(13–10.5 ka BP) but almost absent at the phases of
180–168 cm (11.5–11.1 ka BP) and 104–88 cm (9.2–7.9 ka BP)
in the BG-1 profile (Figure 5). Totally 13 species, belonging to
eight genera were identified (Figure 4), that is, Limnocythere
binoda, L. dubiosa, Leucocythere subsculpta, L. parasculpta,
Candona houae, C. neglecta, C. candida, Candoniella lacteal,
Ilyocypris gibba, I. bradyi, Limnocytherellina trispinosa,
Heterocypris salinus, and Eucypris mareotica, in which, L.
dubiosa and L. subsculpta were the dominant species.

Trace Element Chemistry of Ostracode
Shells
Figure 6 shows the molar ratios of Mg/Ca, Sr/Ca, U/Ca, and
Mn/Ca in the shells of Limnocythere dubiosa and Leucocythere
subsculpta. Mg/Ca shows comparable values between the two
species. Higher U/Ca and Mn/Ca are observed in L. dubiosa,
while it is reverse in Sr/Ca, which should be attributed to the
different habitats between L. subsculpta and L. dubiosa.
Leucocythere inhabits the upper few centimeters of the
bottom sediments, while Limnocythere lives mainly on the

FIGURE 3 | U-series chronological results of profile BG-1.

FIGURE 4 | Dominant species of ostracodes from the BG-1 profile in
ChangmuCo. area. 1. Limnocythere dubiosa, Rv; 2. Limnocythere binoda, Lv;
3. Leucocythere subsculpta, Rv; 4. Leucocythere parasculpta, Lv; 5.
Candona candida, Rv; 6. Candona houae, Rv; 7. Candona neglecta, Rv;
8.Candoniella lacteal, Lv; 9. Ilyocypris gibba, Rv; and 10. Ilyocypris bradyi, Rv.
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bottom with abundant plant debris because it cannot swim
(Meisch, 2000). The climate-driven salinity variations in the
arid regions of the Tibetan Plateau during the Holocene period
were mainly due to the precipitation/evaporation (P/E)
balance (Dorberschütz et al., 2013; Kasper et al., 2013), so
compared to Limnocythere, Leucocythere should be more
sensitive to the salinity fluctuation of lake water but
relatively insensitive to the change of water depth.
Generally, Mg/Ca and Sr/Ca exhibit similar fluctuations,
with relatively low and stable values from 13 to 7.9 ka BP
and higher values from 7.9 to 4.9 ka BP. Both U/Ca and Mn/Ca
have the tendency of increasing from 13 to 10.5 ka BPand then
decrease gradually until 9.2 ka BP. The other increases of U/Ca
and Mn/Ca appear during 7.9–5.5 ka BP, and after 5.5 ka BP,
both of them decrease again.

DISCUSSION

Paleoclimate Change Inferred From
Ostracodes in Changmu Co. Since
23.4 ka BP
Based on the variations of ostracode abundance (Figure 5) and
the trace element ratios (Figure 6), we discussed the possible
climate changes in Changmu Co. area since the Late Pleistocene
in the following paragraphs.

From 23.4 to 14.4 ka BP (zone 1A), there were almost no
ostracodes present, likely because of the extremely cold climate
induced by the Last Glacial Maximum (LGM). Ilyocypris bradyi,
Limnocypris dubiosa, and Eucypris mareotica began to appear in
zone 1B (14.4–13 ka BP), indicating that the temperature rose
slightly compared with zone 1A. From the investigation of living
ostracodes on the Qinghai–Tibetan Plateau, Song et al.(2015a); Song
et al.(2015b) concluded that I. bradyiwas widely distributed in fresh-
brackish water bodies (salinity <5‰). This species preferred slow-
running water and was found commonly in streams, ponds, and
springs (Meisch, 2000; Yang et al., 2006; Liu et al., 2007). L. dubiosa
can live in fresh, brackish, and saline water bodies but flourished in
fresh-brackish waters (salinity<5‰) and polyhaline–euhaline waters
(18‰–40‰), and they were the most widely distributed ostracodes
on the plateau. E. mareotica was the dominant species in polyhaline
waters (18‰–30‰) on the Qinghai–Tibetan Plateau; this species
was eurythermal and could tolerate low temperatures. Therefore, the
appearance of these three species from14.4 to 13 ka BP indicates that
there was a small amount of runoff water entering into the paleolake
Changmu Co. because of the temperature increase after the LGM;
however, the lake water was still saline, as indicated by the
continuous appearance of the saline water species E. mareotica
and L. dubiosa.

In zone 2 (13–10.5 ka BP), most of the ostracodes
(i.e., Limnocythere binoda, L. dubiosa, Leucocythere subsculpta,
Candona houae, C. neglecta, and Candoniella lacteal) were
present at a maximum abundance, except in zone 2B

FIGURE 5 | Ostracode abundance diagram (shells per 50 g sediment) of profile BG-1.
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(11.5–11.1 ka BP). Candona preferred fresh and cold water, with a
temperature of <10°C (IEDQPA and NJGP, 1988). C. neglecta was
mainly found in freshwater (salinity<0.5‰), with a temperature
range of 5–8°C (Lu et al., 2019), andC. candidawas very abundant in
Pleistocene cold-climate deposits. Candoniella also preferred fresh-
brackish water (Yang et al., 2006; Song et al., 2015a). Most species of
Leucocythere were euryhaline; they were distributed widely in
sediments from the Pliocene to Quaternary (Huang et al., 1985)
and preferred cold environments (Liu et al., 2007). The flourishing of
these species suggested that the water level of paleolake Changmu
Co. increased, but the temperature was still low; this was inferred
from the low Mg/Ca and Sr/Ca ratios but high Mn/Ca and U/Ca
ratios in the shells of both species (Figure 6). As shown in Figures 4,
5, zone 2 could be divided into three sub-zones.

From 13 to 11.5 ka BP (zone 2A), ostracodes preferring cold
and fresh-brackish waters, such as Candona neglecta, C. houae,
Candoniella lacteal, and Leucocythere subsculpta, were the
dominant species, which indicated cold and humid
environment. The slightly increasing values of Mg/Ca
during this period suggested that the temperature increased
a little compared with zone 1 after the LGM, which induced
more and more glacier meltwater into Changmu Co. The
inflow of fresh melt-water not only enhanced the vertical
mixing of the water column and increased the oxygen
content of the lake bottom but also reduced the salinity of
lake water, which was supported by the rapid increase of U/Ca
and Mn/Ca and slight reduction of Sr/Ca in ostracode shells.

However, the warming trend was interrupted by an extremely
detrimental condition that occurred in zone 2B (11.5–11.1 ka BP),

characterized by a sharp decrease in ostracode abundance
(Figure 5), which is attributed to the Younger Dryas (YD) event.
The YD event had a global effect and was characterized by extremely
cold weather (Jessen, 1938; Shen et al., 1996; deMenocal and Joseph,
2000; Genty et al., 2006; Liu et al., 2013; Cheddadi and Khater, 2016).
In Bangong Co., no ostracode fossils were observed from 11.5 to
10 ka BP, which is likely attributable to the YD event (Li et al., 1994;
Shen et al., 1996). In Changmu Co., the Mg/Ca ratios were steady
and low in both species in zone 2B, implying the continuous low
temperature. Mg/Ca in ostracode calcite depends on water salinity
and temperature, but this dependence may be easily eclipsed by
small Mg/Ca changes in the ambient water (De Deckker et al., 1999).
Minor changes in the Mg/Ca ratio in zone 2B may be attributed to
the changes in the Mg/Ca ratio of the host water during this
extremely cold climate. The significant reduction in the U/Ca
values may indicate less meltwater flowing into Changmu Co.
and weak mixing that reduced the water level, demonstrated by
the decreased Mn/Ca values. Compared with zone 2A, the average
Sr/Ca ratio increased from 0.0029 to 0.0031 and from 0.0045 to
0.0052 in Limnocypris dubiosa and Leucocythere subsculpta,
respectively, indicating that the salinity of the lake water
increased. A possible explanation for this condition is that colder
conditions during the YD event reduced the input of meltwater into
Changmu Co., resulting in decreased oxygen availability in the host
water and reduced water level. In these circumstances, the salinity of
the lake water increased because of the strong evaporation.

The end of the YD event marks the warm beginning of the
Holocene (Ding et al., 2014). This period coincided with a
warm climate between 11.1 and 10.5 ka BP (zone 2C), as

FIGURE 6 | Curves showing ratios of Mg/Ca, Sr/Ca, Mn/Ca, and U/Ca from ostracode shells; red spots represent molar ratios of Leucocythere subsculpta and
blue spots represent molar ratios of Limnocythere dubiosa.
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indicated by the restoration of the ostracode population.
However, the dominance of certain species (i.e., Candida,
Candoniella, and Leucocythere) suggested that the
temperature was still low, which is also indicated by the low
Mg/Ca ratios. During this period, the Sr/Ca ratios decreased,
while the U/Ca ratios increased, implying a decrease in water
salinity and an increase in oxygen availability in the host water
induced by the inflow of fresh meltwater. The Mn/Ca ratios
decreased slightly and may indicate that the water level
dropped slightly because of the negative precipitation/
evaporation balance.

In zone 3 (10.5–7.9 ka BP), the abundance of ostracode
decreased gradually until extinction at about 9.2 ka BP,
suggesting the aridity environment in this period. Zone 3
could be divided into three sub-zones as shown in Figure 6.

From 10.5 to 9.5 ka BP (zone 3A), decreased U/Ca and Mn/Ca
indicated that there was reduced runoff into the lake and reduced
lake level, while the increased Sr/Ca ratio implied that the salinity
of lake water was increasing. These trends coincided well with
those of the decreased ostracode abundance.

There was a short humid period between 9.5 and 9.2 ka BP
(zone 3B), inferred by the increased U/Ca and Mn/Ca ratios and
the decreased Sr/Ca ratio, but the abundance of ostracodes was
still reduced. This may be attributed to the unsuitable
environment occurring after the extreme drought climate.

Because there were no ostracodes observed from 9.2 to 7.9 ka
BP (zone 3C), it is difficult to interpret the paleoclimate changes
during this period. Zheng et al. (2012) reported a gradual drought
from 10.3 ka BP to 7.9 ka BP in Tai Co., approximately 45 km
northeast of Changmu Co., on the basis of ostracodes and
charophytes. In the Bangong Co. area from 8.6 to 7.5 ka BP,
there was significant lake regression, indicated by increasing
littoral and saline diatom species (Gasse et al., 1996).
Therefore, we inferred that the disappearance of ostracodes in
zone 3C indicated a continuous arid environment.

The fluctuations of trace elements clearly indicate the
changing paleoclimate between 7.9 and 5.5 ka BP (zone 4),
although there was a low abundance of ostracodes. During this
period, the distinctly increased Mg/Ca ratio suggested that the
temperature was rising after 7.9 ka BP, leading to more
meltwater flowing into the paleolake of Changmu Co. This
increased the water level and decreased the water salinity, as
inferred from the increased Mn/Ca and decreased Sr/Ca ratios.
Lower oxygen levels in the bottom waters were indicated by the
decreased U/Ca between 7.9 and 6.9 ka BP, which was possibly
due to the water plants being mainly present in the stratum.
Increased decomposition of organic matter consumes more
oxygen in the host water, resulting in more reducing
conditions at the lake floor (Yang et al., 2014). From 6.9 to
5.5 ka BP, the increasing U/Ca values implied strong mixing
and increased oxygen availability at the lake bottom, along
with more meltwater flowing into the lake.

An optimum period occurred from 5.5 to 5.3 ka BP (zone 5),
although the lake level dropped slightly (inferred from decreased
Mn/Ca and U/Ca). A large number of Limnocythere and
Leucocythere and a small number of Candona re-appeared,
suggesting a humid environment. The climate became warmer, T

A
B
LE

2
|I
so

ch
ro
n
ag

e
of

pr
ofi
le

B
G
-1
.

S
am

p
le

D
ep

th
(c
m
)

M
at
er
ia
ls

2
3
8
U

(p
p
m
)

2
3
4
U

(p
p
m
)

2
3
0
T
h
(p
p
m
)

2
3
2
T
h
(p
p
m
)

2
3
4
U
/2

3
8
U

2
3
0
T
h/

2
3
8
U

2
3
2
T
h/

2
3
8
U

M
S
W
D

P
O
F

O
sm

o
nd

T
yp

e-
II

re
g
re
ss

io
n

lin
e

ag
e
(a

B
P
)

B
G
-6
7
(1
)

26
8

ca
rb
on

at
e

1.
62

1
±
0.
04

0
30

.2
18

±
0.
62

8
11

.1
53

±
0.
30

3
13

.3
54

±
0.
33

0
1.
50

9
±
0.
04

5
0.
55

9
±
0.
02

0
0.
66

7
±
0.
02

3
2.
5

0.
01

2
14

50
0
±
31

00
(2
)

1.
94

5
±
0.
04

9
35

.6
16

±
0.
76

3
14

.3
21

±
0.
32

8
17

.3
26

±
0.
35

8
1.
48

2
±
0.
04

5
0.
58

5
±
0.
02

0
0.
72

1
±
0.
02

4
(3
)

2.
12

4
±
0.
04

9
39

.2
12

±
0.
76

0
25

.5
54

±
0.
58

4
30

.0
78

±
0.
63

2
1.
49

4
±
0.
04

2
0.
97

3
±
0.
03

2
1.
14

6
±
0.
03

6
(4
)

2.
05

8
±
0.
05

9
38

.3
90

±
0.
91

5
24

.4
89

±
0.
58

2
37

.9
71

±
0.
74

1
1.
50

9
±
0.
05

2
0.
96

3
±
0.
03

6
1.
49

3
±
0.
05

1
(5
)

1.
26

4
±
0.
03

8
27

.2
18

±
0.
06

5
2.
43

7
±
0.
12

8
0.
47

8
±
0.
04

4
1.
39

1
±
0.
07

4
1.
33

2
±
0.
07

3
1.
77

3
±
0.
09

2
(6
)

5.
56

6
±
0.
08

5
11

7.
68

6
±
1.
46

9
9.
76

7
±
0.
19

0
0.
25

7
±
0.
01

8
1.
34

8
±
0.
06

9
1.
49

8
±
0.
06

1
2.
46

7
±
0.
09

4
B
G
-8
2
(1
)

38
3

ca
rb
on

at
e

0.
56

4
±
0.
01

6
9.
73

9
±
0.
23

0
4.
23

7
±
0.
14

4
4.
69

7
±
0.
15

0
1.
39

8
±
0.
04

9
0.
60

8
±
0.
02

7
0.
67

4
±
0.
02

7
1.
8

0.
07

6
19

10
0
±
33

00
(2
)

1.
36

3
±
0.
04

3
23

.7
73

±
0.
63

7
12

.3
75

±
0.
42

0
14

.7
48

±
0.
45

6
1.
41

2
±
0.
05

4
0.
73

5
±
0.
03

4
0.
87

6
±
1.
03

8
(3
)

1.
30

7
±
0.
04

5
22

.6
61

±
0.
67

3
14

.1
21

±
0.
54

1
16

.0
24

±
0.
56

7
1.
40

3
±
0.
06

0
0.
87

5
±
0.
03

9
0.
99

2
±
0.
04

9
(4
)

2.
05

9
±
0.
06

5
35

.6
00

±
0.
97

9
23

.7
13

±
0.
75

3
34

.6
23

±
0.
92

3
1.
39

9
±
0.
05

5
0.
93

2
±
0.
04

2
1.
36

0
±
0.
05

6
(5
)

1.
67

2
±
0.
04

7
28

.7
52

±
0.
70

9
23

.2
18

±
0.
69

2
32

.5
13

±
0.
83

3
1.
39

1
±
0.
04

8
1.
12

4
±
0.
04

6
1.
57

3
±
0.
06

0
(6
)

2.
78

1
±
0.
11

9
47

.8
00

±
1.
76

8
45

.7
75

±
1.
53

7
60

.9
28

±
1.
78

1
1.
39

0
±
0.
07

5
1.
33

2
±
0.
07

3
1.
77

3
±
0.
09

2

(1
)–
(5
),
re
sp

ec
tiv
el
y,

m
ea

ns
di
ss
ol
vi
ng

th
e
sa
m
pl
e
w
ith

di
ffe

re
nt

co
nc

en
tr
at
io
ns

of
H
N
O
3
;
(6
)i
s
th
e
fu
lly

so
lu
bl
e
sa
m
pl
e.

Frontiers in Earth Science | www.frontiersin.org June 2022 | Volume 10 | Article 8359378

Song and Wang Paleoclimate Change in Western Tibet

195

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


as indicated by the gradually increasing Mg/Ca ratio, but the
water salinity remained low, as indicated by low Sr/Ca; this result
was compatible with the last bloom of freshwater species during
5.5–5.2 ka BP in Bangong Co. (Fan et al., 1996).

From 5.3 to 4.9 ka BP (zone 6), the temperature continued
to rise, resulting in increased evaporation and an extremely dry
climate, as indicated by the sharply increased Mg/Ca and Sr/Ca
ratios. The U/Ca and Mn/Ca ratios continued to decrease,
implying very little runoff into Changmu Co. The abundance
and diversity of ostracodes decreased significantly during this
period, and the low number of Limnocythere also indicated
very high water salinity in an arid climate. After this period,
the drought intensified further, and Changmu Co. shrank
rapidly and eventually dried up at some time after 4.9 ka
BP. The specific time when the paleolake Changmu Co.
dried up was not determined, but it likely happened after
4.9 ka BP because the top of the profile BG-1 was 4.9 ka BP.
When the paleolake water retreated from the area, the upper
strata were eroded and not recorded in the profile.

The extremely dry climate after 5.3 ka BP, and especially
after 4.9 ka BP, was also reflected in other records from lakes
near Changmu Co. Profile TC-1 in Tai Co. (Figure 1) had a top
age of 4.5 ka BP, implying a severely arid environment after
4.5 ka BP (Zheng et al., 2012). Sumxi Co. and Longmu Co. are
two closed lakes situated approximately 120 km north of
Changmu Co.; these lakes recorded decreases in the A/C
ratio and heavy isotope contents at about 4.7–4.4 ka BP,
also reflecting aridification (Gasse et al., 1991). In summary,
all these records suggest that a large-scale drought event
happened in the western Tibetan Plateau after 4.9 ka BP.

Comparison With Climate Records in Other
Regions
It was very cold in ChangmuCo. during the Late Pleistocene because
of the LGM. Although the temperature rose slightly during the Early
Holocene, as implied by the emergence of a large number of
ostracodes, the dominance of the species Candona, Candoniella,
and Leucocythere indicated that there was still a continuously cold
environment. During this period, the paleolake expanded with
meltwater supply, which is similar to Balikun Lake in the
Westerlies-dominated region (Zhao et al., 2017) and Chibuzhang
Co. in the north of Tibet (Dong et al., 2021). The alkenone records in
Balikun Lake and the ostracode records in Chibuzhang Co. indicated
that the rising temperature during the Late Pleistocene and Early
Holocene led to more meltwater flowing into the lakes, rapidly
increasing the water level.

Chen et al. (2008) concluded that the climate was arid during
11–8 ka BP, humid from 8 to 5 ka BP, and arid again after 5 ka BP, as
determined by summarizing the sedimental records of 11 lakes in the
Westerlies-dominated Central Asia. Alivernini et al. (2018)
demonstrated that the Taro Co. areas, located in the south of
Tibet, reached its highest level of the entire Holocene during
11.2–9.7 ka cal BP based on OSL dating and ostracod analysis.
The ostracode assemblages and trace elements indicated that
Changmu Co. was arid during 10.5–7.9 ka BP, humid during 7.9
to 5.3 ka BP, and arid again after 5.3 ka BP, which corresponded well

to the paleoclimate changes in the Westerlies-dominated Central
Asia and was a reverse of what was determined in Taro Co. areas.
Zhao et al. (2017) determined that it was cold before 8 ka BP but
increasingly warmer after 8 ka BP in Westerlies-dominated Central
Asia, as inferred from the alkenone records in Balikun Lake. In
ChangmuCo., the constant lowMg/Ca ratios in ostracode shells also
indicated a cold climate before 7.9 ka BP. After this period, the
temperature increased gradually, as implied by the increased Mg/Ca
ratios. Based on our data and previous studies, we infer that the
paleoclimate change in Changmu Co. since the Late Pleistocene was
mainly affected by Westerlies circulation.

CONCLUSION

A high-resolution ostracode record spanning from 23.4 to 4.9 ka
BP was retrieved in Changmu Co., western Tibet. The climate
remained cold until 7.9 ka BP and became especially warm after
5.5 ka BP. Changmu Co. enlarged sharply after the LGM and was
interrupted by a shrink during 10.5–7.9 ka BP. At about 5.3 ka BP,
and especially after 4.9 ka BP, a large-scale extreme drought event
happened in the western Tibetan Plateau.

The changes in paleoclimate in Changmu Co. since the Late
Pleistocene corresponded well to changes that occurred in the
Westerlies-dominated Central Asia, indicating that the climate in
this region was mainly controlled by Westerlies circulation.
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A record of Holocene climate
changes in central Asia derived
fromdiatom-inferredwater-level
variations in Lake Kalakuli
(Eastern Pamirs, western China)
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The unique geographical and climatic settings of the eastern Pamirs make this

region sensitive to the Westerlies and global climate change. Holocene

fluctuations in water-level of Lake Kalakuli, a proglacial lake located to the

northwest of the Muztag Ata glacier, were reconstructed based on diatoms

from a ~15 m long sediment core spanning the last ~9,900 years. To establish

how diatom species distribute in relation to water depth in Lake Kalakuli, a

dataset of 45 surface sediment samples was retrieved from different water

depth. Statistical analyses such as cluster analysis (TWINSPAN) and redundancy

analysis (RDA) were used to demonstrate that the water depth gradient is the

main environmental gradient driving the distribution of these diatom

assemblages. A diatom-water depth transfer function, was then developed

using a weighted averaging partial least squares component 2model (R2 = 0.89,

RMSEP = 1.85 m) and applied to the Holocene diatom sequence from Lake

Kalakuli. Due to the large residual errors in the model only the general trends in

water level are proposed. Effective moisture increased rapidly during the early

Holocene, as the water depth reached a high level from the lowest level within

about two thousand years. Only small amplitude fluctuations were recorded

during the mid- and late Holocene until the last few hundred years when a

marked increase occurred. Changes in summer insolation over the northern

hemisphere drove the advances and retreats of the Muztag Ata glacier, which in

turn controlled the fluctuations of water level in this lake. The diatom-derived

paleoclimatic trend from Lake Kalakuli is consistent with the Holocene climate

evolution in the Westerlies-dominated area of Central Asia.

KEYWORDS

paleolimnology, Central Asia, diatoms, glacier variation, mid-latitude westerlies, lake-
level fluctuation
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Introduction

`The westerlies, which correspond to the prevailing winds

from the west toward the east in the middle latitudes between

30 and 60° in latitude, are key components of the trans-Eurasian

atmospheric teleconnection that links the Arctic, North Atlantic

and Asian monsoon regions, and therefore, are of special

significance to the study of global climate change (Herzschuh

et al., 2019). The Holocene is the period most closely related to

the development of human civilizations, and understanding the

natural variability and the mechanisms behind climate change

during the Holocene gives us perspective on the current trends

and future change. In the regions dominated by the westerlies,

the instability of the Holocene climate has been documented in

various geological archives such as marine sediments (Bond et al.,

1997), ice cores (Meese et al., 1994; Vinther et al., 2003) and

speleothem records (Cheng et al., 2016). In the westerlies-

dominated region of China however, there are few high-

resolution lake sediment sequences that record the climatic

instability of the entire Holocene (Chen et al., 2019). Chen

et al. (2019) who synthesized the evidence from twelve high-

quality lake sediment records from the core area of the westerlies-

dominated region (that includes the Pamirs Mountains), found

that most lakes were dry or at a low level during the early

Holocene (i.e. until 8 ka BP), with high lake levels and a more

humid climate during the mid- and late Holocene (i.e., after

8 ka BP).

There are a large number of glacier ice caps in the eastern

Pamirs, their melted water is the most important water

resource in the area. Proglacial lakes often exist on the

front of these glacier ice caps, forming a continuous

glacier-river-lake system. The geomorphological relics and

sedimentary records from those lakes usually represent

valuable archives for studying past climate, environmental

processes, and glacier activities (Liu et al., 2014; Zhang et al.,

2017; Rousseau et al., 2020). One of these proglacial lakes,

Lake Kalakuli (also called Karakul), is located on the front

edge of the Muztag Ata Glacier, and has been the subject of

various scientific investigations in recent years. Liu et al.

(2014) reconstructed the glacier expansion history in the late

Holocene from the fluctuations in grain size, magnetic

susceptibility and elements detected from a sediment core

spanning the past 4,200 years. From the same core, Aichner

et al. (2015) used leaf wax carbon and hydrogen isotopic to

infer past climatic conditions. Later, Yan et al. (2019) used

grain-size and geochemical proxies to reconstruct the

hydrological and climatic history of Lake Kalakuli from a

short core spanning the past 160 years. These studies have

shown that the sediment record from Lake Kalakuli can be

used to infer the evolution of glaciers and climate in this area.

These studies however, do not cover the entire Holocene and

as they do not use biological indicators, did not address how

this lake ecosystem evolved during this period.

Among the biological indicators, diatoms, which are

unicellular algae present in all aquatic ecosystems, can

sensitively record changes in the physical and chemical

conditions of the lakes in which they live. Diatoms also

produce remains that can accumulate in lake sediments and

thus they represent powerful tools for inferring past changes in

climate and environment from a wide variety of lake sedimentary

records (e.g. Smol and Stoermer, 2010; Li et al., 2015; Wang et al.,

2018; Muiruri et al., 2021; Mackay et al., 2022). Diatoms are also

very diverse, and the different species show strong preference for

the various habitats within a lake. Water depth is often one of the

ecological gradients that best explain the distribution of diatom

species within a lake. Thus, diatoms in sediment sequences have

often been used to reconstruct past changes in lake level. Such

reconstructions are important evidence of past changes in

effective moisture in the lake area, and therefore are very

valuable to reconstruct Holocene hydroclimate, especially in

arid regions (Chiba et al., 2016).

In this study, wefirst investigated the changes in the composition of

diatom assemblages along a transect of surficial sediments to establish

how diatom species distribute in relation to water depth in Lake

Kalakuli. This ecological information is then used to interpret the

changes in diatom assemblages observed in a 15.3m long, 14C dated,

sediment core retrieved from the center of the lake, in terms of

fluctuations in lake water-level. This record from Lake Kalakuli is

then discussed in the context of Holocene climatic and environmental

changes of the wider study region.

Materials and methods

Regional settings

Lake Kalakuli (38°25.32’ - 38°27.57′N, 75°02.27’ - 75°04.17′E,
3,645 m a.s.l.) is a moraine lake formed during the last glacial

(Marine Isotope Stage 3), and located at the crack point where the

Gongger and Taxkorgan faults intersect (Wang et al., 2016). The

original lake was at least 20.05 km2, and it has now been divided

into three smaller lakes (Zhang, 2010). Lake Kalakuli is the largest

of these lakes with an area of ~4.73 km2 while the two other,

smaller lakes are located on the northwest side of Lake Kalakuli

across the China-Pakistan Highway, with areas of 1.59 km2 and

0.49 km2 (Zhang, 2010; Wang et al., 2016). In Lake Kalakuli, the

average and maximum water depths are 15 m and 20 m,

respectively. The meltwater of the Muztagh Ata glacier,

located about 80 km to the southeast, is the main supply

source of water to the lake. A small outflow is situated at the

northern corner of Lake Kalakuli and joins the Kangxiwa River.

This region is in the westernmost edge of the Tibetan Plateau,

principally influenced by the westerly circulation. Due to

obstruction of the mountains, the humid air currents from the

Atlantic and Mediterranean realms are forced to uplift, forming

precipitation in the Western Pamirs. After reaching the upper
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altitude of the lake area, moisture in the air currents is significantly

reduced, so this area is cold and arid, showing a typical continental

alpine climate (Holzer et al., 2015). According to the meteorological

observations from the research station on Muztagh Ata (Xu, 2018),

the average annual temperature and precipitation are −1.88°C and

274 mm, the relative humidity and wind speed are 44% and 4.8 m/s

(after recordings from January 2011 to December 2016),

respectively. August is the warmest month, and January is the

coldest month. Precipitation mainly concentrates in summer, so

the vegetation has a short growing season and is dominated by

ground bud plants of perennial herbs and annual or biennial herbs

(graminoids, Artemisia, Stipa (Yang et al., 2012). Lake Kalakuli is a

moderately alkaline, mesotrophic lake (Peng et al., 2017). The

electrical conductivity and alkalinity of the lake water show little

spatial variation, and average 290 μS/cm and 1,575 μeq/L,

respectively. During our monitoring of the lake, from the end of

2013 to the beginning of 2015, the lake was ice-covered for about

5 months, from the beginning of November to the end of March of

the next year, and the ice was thickest in January, up to 70 cm.

Sediment sampling: Long core and surface
sediment samples

In 2013, a team from the Institute of Earth Environment and

the Institute of Tibetan Plateau Research, Chinese Academy of

Sciences, retrieved a 15.33 m long sediment core (KL13-4) from

Lake Kalakuli at a water depth of ~19 m using a UWITEC piston

corer (see coring location in Figure 1). In September 2014, forty

five surface sediment samples (1 cm in thickness) taken at ~1 m

water-depth intervals were collected along two transects crossing

the lake using a gravity corer (Figure 1).

Laboratory analyses

After transport to the laboratory, the core sections were split

in two halves longitudinally. One half of the core was kept for

XRF scanning while the other half was sectioned at 1 cm

intervals. These samples were then vacuum freeze-dried prior

to further laboratory analyses.

Dating
Radiocarbon dates were obtained on organic matter from

30 samples from different layers of the master core using

accelerated mass spectroscopy (AMS). Eight measurements

were carried out at the Xi’an Accelerator Mass Spectrometry

Center, China, 5 at the Earth System Science Department,

University of California, Irvine, USA and 17 at the Beta

Analytic Inc., United States. The chronology of the uppermost

85 cm of the core was determined using the 210Pb distribution

calculated using the CRS (Constant Rate of Supply) model,

FIGURE 1
Maps of the study area. Map (A) shows the regional atmospheric circulation systems and the location of Lake Kalakuli (red star) in the Pamir
Mountains. The yellow dots represent themain paleoclimatic records mentioned in the discussion (1. Bosten Lake; 2. Aibi Lake; 3. Issyk-Kul; 4. Barkol
Lake; 5. Chaiwopu Lake; 6. Sate Baile Dikuli Lake). Map (B) shows Lake Kalakuli within its hydrological settings and the position of the Muztag Ata
glacier. Map (C) shows the bathymetry of Lake Kalakuli with the locations of the sampling site for themaster core (yellow star) and of the surface
sediment samples (red dots) used to develop the diatom-based water depth transfer function.
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together with the location of peaks in the distribution of 137Cs

(Appleby and Oldfield 1978).

Grain size and geochemical analyses
Grain size were measured with a Mastersizer 2000 laser

particle size analyzer (Malvern Company, UK). The

measurement range was 0.01–2000 μm, and the average

particle size repeated measurement error was less than 3%.

The grain size composition the Kalakuli sediments was

divided into clay (<2 µm), silt (2–64 µm) and sand (>64 µm).

Grain size data are missing for eight out of 45 surface sediment

samples, while all samples collected from the master core (n =

1,533) were analyzed.

XRF scanning was carried out with an Itrax Core Scanner

(Sweden) to determine the elemental content of the sediment

core. The scanning was performed with a voltage of 30 kV, a

current of 55 mA, and a scanning interval and time of 0.2 mm

and 8 s, respectively. The element content is expressed as KCPS

(Kilo-counter per second), which can only be used for a semi-

quantitative analysis of the depth variation of each element, and

cannot be used for quantitative description and comparison of

the actual content of each element. XRF analysis was carried out

at the Key Laboratory of the Tibetan Plateau Environmental

Change and Land Surface Processes, CAS, in Beijing.

Diatom analysis
Diatom slides were prepared from about 0.05 g of freeze-

dried sediment from all 45 surface sediment samples and from

159 of the core subsamples (i.e., about one every 10 cm along the

core length). No less than 300 diatom valves were counted per

sample under an Olympus BX53 light microscope with

a ×1,000 magnification. For samples of the mastercore, due to

the mass occurrence of Pantocsekiella comensis (syn. = Cyclotella

comensis, = Lindavia comensis), fluctuations of the other species

were obscured in some of the samples. In those cases, 200 more

valves excluding P. comensis were counted with the final relative

abundances calculated in proportion. This ensured higher

confidence in the relative abundances of the secondary species

while keeping a feasible workload. Diatoms were identified to the

lowest taxonomic level possible using standard floras such as

Krammer and Lange-Bertalot (1986), Krammer and Lange-

Bertalot (1988), Krammer and Lange-Bertalot (1991a),

Krammer and Lange-Bertalot (1991b) as well as articles

dealing specifically with the flora from Lake Kalakuli (You

et al., 2013; You et al., 2015; Peng et al., 2017; Zhang et al.,

2017; Rioual et al., 2020). The nomenclature was updated

following to the online database Algaebase (Guiry and Guiry,

2022). Diatom concentration in sediment core samples (i.e., the

number of diatom valves per gram of dry sediment) was

estimated by adding known quantities of divinyl benzene

microspheres to the cleaned suspension (Battarbee and Kneen,

1982). To evaluate the preservation (and dissolution) of the

diatom assemblages in core samples the F-index was

calculated following Ryves et al. (2006). The F-index consists

in the ratio between the well-preserved valves (i.e. unbroken

valves showing no obvious signs of dissolution under the light

microscope) and the total number of diatom valves counted. The

F-index ranges between 0 (i.e. all the valves show signs of

dissolution) and 1 (i.e. all valves are considered as pristine).

Statistical analyses

Surface sediment dataset
All diatom data are expressed as relative abundances. Cluster

analysis using two-way indicator species analysis (TWINSPAN;

Hill 1979) was used to determine the main diatoms assemblages

composed by groups of surface sediment samples with

homogeneous taxonomic composition. TWINSPAN is a top-

down, divisive clustering method that is frequently used to

classify biological community datasets, including diatom

assemblages (Flower and Nicholson, 1987; Gesierich and

Kofler, 2010; Mackay et al., 2012; Beauger et al., 2015; Feret

et al., 2017). Species with number of occurrences <2 were

excluded from the analysis. Due to the dominance of P.

comensis in some samples, relative abundances of 0, 3, 4,

20 and 80% were used to define five pseudo-species cut levels

instead of the default values of 0, 2, 5, 10 and 20%. Then, the

clusters derived from TWINSPAN on the basis of the diatom

communities were characterized further by drawing box-plots of

their ranges of environmental variables (i.e. water depth and

grain size), as done by Feret et al. (2017). Following this, the

influences of these environmental variables on the diatom

composition of the samples were assessed using redundancy

analysis (RDA) with the eight samples missing grain-size data

excluded from the analysis. In the RDA, redundant variables

were removed by forward selection combined with Monte Carlo

permutation tests and Bonferroni correction (p < 0.010; n = 999).

The explanatory power and significance of each environmental

variable in isolation (i.e. the marginal effect) were determined

with a series of RDAs constrained with a single variable and with

permutation test, while the unique (or partial) contribution of

each variable was assessed using partial RDAs with covariables.

Finally, a principal components analysis (PCA) was used to

display in the same ordination space all the samples (n = 45),

classified according TWINSPAN and contour plots of the

important environmental gradients based on generalized

additive models (GAM).

The relationship between the composition of the diatom

assemblages and the water depth gradient was modelised using

several methods including, simple weighted-averaging (WA),

Modern Analogue (MAT), weighted-averaging partial-least-

squares (WA-PLS) model and a Maximum Likelihood (ML)

model. For all models (i.e. transfer functions) only diatom taxa

that achieved >1% relative abundance in at least one surface

sample were selected.

Frontiers in Earth Science frontiersin.org

Peng et al. 10.3389/feart.2022.825573

202

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.825573


TWINSPAN was carried out using the free software

WinTWINS v2.3 (Hill & Šmilauer 2005), the box-plots were

drawn using R (R Core Team, 2019), the PCA and RDA were

done in Canoco 5 (ter Braak and Šmilauer, 2012), and the

transfer function models were developed using C2 version 1.7

(Juggins, 2014). In both PCA and RDA, diatom data were

square root transformed to prevent species with extreme

variance to have unduly large influence (ter Braak and

Šmilauer 2012).

Sediment core dataset
Principal components analysis (PCA) was used to summarize

the main directions of variation in the diatom assemblage data in

the core. PCA was performed on square-root transformed

diatom data using Canoco 5 (ter Braak and Šmilauer, 2012)

and species abundance were graphed using C2 version 1.7

(Juggins, 2014). Stratigraphical zones were defined using

CONISS, available in TILIA (https://www.tiliait.com/). Hill’s

N2, commonly referred to as “effective” diversity (Hill, 1973),

were calculated in C2 for the core assemblages and used as an

indication of species evenness. Also using C2, the water transfer

function derived from the surface sediment dataset was applied

to the down-core diatom data to reconstruct past variations in

water depth.

Results

Surface sediment dataset

In the 45 surface sediment samples retrieved from different

water depth, 148 diatom species belonging to 56 genera were

identified. The most frequent taxa are listed in Table 1 and

plotted in Figure 2. Values of the Hill’s N2 vary from 6 to 27, with

the less diverse samples and low eveness (N2<10) in the deepest

samples, below 14.5 m.

TABLE 1 Water depth optima and tolerance obtained from the WA-PLS model for the main species found in the surface sediment samples of Lake
Kalakuli. Taxa are listed according to their water depth optima, in decreasing order.

Taxon Authorities Nb occ Max. Rel.% Water depth
optimum (m)

Tolerance (±m)

Stephanodiscus parvus Stoerm. and Hak 20 2.4 14.5 4.8

Pantocsekiella comensis (Grunow) K.T.Kiss and E.Ács 45 91.1 13.4 5.1

Hippodonta neglecta Lange-Bert., Metzeltin and Witkowski 28 4.3 12.9 3.3

Sellaphora rotunda (Hustedt) Lange-Bert 10 6.4 12.6 3.8

Diploneis minuta J.B. Petersen 17 1.3 12.6 3.6

Geissleria frolikhiensis Kulikovskiy, Gusev, Andreeva and Annenkova 19 7.8 10.4 2.7

Staurosira venter (Ehrenb.) Hamilton 28 9.5 10.1 3.3

Staurosira binodis (Ehrenb.) Lange-Bert 11 6.2 10.0 4.2

Halamphora thumensis (A. Mayer) Z. Levkov 20 4.5 9.8 2.9

Nanofrustulum trainorii (E.Morales) E.Morales 12 3.9 9.5 2.7

Staurosira construens Ehrenb 16 6.2 9.4 3.3

Pseudostaurosira brevistriata (Grunow) D.M.Williams and Round 33 7.6 9.3 3.9

Nitzschia cf dealpina Morales 24 9.7 9.1 3.8

Amphora indistincta Levkov 45 55.8 8.7 4.1

Navicula lundii E.Reichardt 31 5.2 7.7 5.6

Cocconeis placentula Ehrenb 33 4.5 7.2 4.9

Encyonopsis krammeri E.Reichardt 42 12.5 6.5 5.5

Fragilaria perdelicatissima Lange-Bert. and Van de Vijver 27 6.9 6.3 5.5

Achnanthidium caledonicum Lange-Bert 20 5.2 6.3 4.5

Achnanthidium minutissimum (Kütz.) Czarn 35 16.3 5.7 5.1

Gomphonema lateripunctatum Reichardt and Lange-Bert 26 5.4 4.9 4.8

Cymbella subhelvetica Krammer 20 7.6 4.7 5.7

Brachysira neglectissima Lange-Bert 21 6.3 4.6 4.4

Achnanthidium straubianum Lange-Bert 23 17.2 4.5 6.2

Nitzschia denticula Grunow 19 5.1 4.5 6.2

Aneumastus minor Lange-Bert 10 8.6 3.6 5.9

Encyonopsis subminuta Krammer and E.Reichardt 7 7.9 3.0 5.6

Nitzschia frustulum (Kütz.) Grunow 7 18.1 2.2 8.0
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The TWINSPAN classification dendrogram of the surface

sediment diatom assemblages is shown in Figure 3 along with the

box-plots of environmental variables for the groups defined by

TWINSPAN. The first division splits the 45 samples into two

communities distinguished by the water depth of the samples,

with the 11 shallowest samples (with Achnanthidium

minutissimum, Encyonopsis krammeri and Brachysira

neglectissima as indicator species) on the positive side and the

34 deepest samples on the negative side (with Hippodonta

neglecta as indicator species). The second division splits the

group of 34 samples into two communities, with on the

positive side 23 samples (group 3 on Figure 3) with

Pantocsekiella comensis (abundance >20%) as indicator species

and Stephanodiscus cf parvus as preferential, and on the negative

side 11 samples (group 2 on Figure 3) with Amphora indistincta

(>20%), Geissleria frolikhiensis (>4%), Staurosirella pinnata

(>4%), Nitzschia cf dealpina (>3%) and Platessa ziegleri as

indicator species. The box plots indicate that group 3 consists

of samples taken generally at deeper water depth and with higher

percentages of clay and silt and lower percentages of sand than

the samples included in group 2. The third and last meaningful

TWINSPAN division, distinguishes one sample (KL14-12)

characterized by Staurosirella minuta as indicator species and

Nitzschia frustulum (>4%) and Encyonopsis subminuta (>4%) as

preferential from the other shallow samples that are included in

group 1. Preferential species for group 1 include Pantocsekiella

comensis (>4%), Encyonopsis krammeri (>3%), Cymbella

subhelvetica, Fragilaria perdelicatissima, Cocconeis placentula

and Nitzschia lacuum. The box-plots indicate that besides

being associated with the shallowest water depth, samples in

group 1 are characterized by low percentages of clay and silt and

high percentages of sand.

The RDA with forward selection determined that water

depth and sand% significantly account for almost 40% of the

variation in the diatom data (Figures 4A,B), while the other

variables are redundant. RDA axis one is controlled by both the

water depth and sand% with samples of group 1 on the right

(shallow depth and high sand%), samples of group 3 on the left

(high depth and low sand%) and samples of group 2 in a

intermediate position (Figure 4A). The partial RDAs also

show that both depth and sand% have significant unique

contribution to the explained variation in the diatom data

(p < 0.01, n = 999; Table 2) of 12.1 and 11.4%, respectively.

In the PCA unconstrained ordination, for which all 45 samples

could be displayed, the first two axes account for 41.3 and 14.3%

of the variation in the species data, respectively (Table 2).

Compared to the RDA, the positions of the groups in the

PCA plots differ as axis one is now mainly associated with

sand% while axis two is mainly associated with the depth

gradient as shown by the contour plots (Figure 5).

The three groups of surface sediment samples can be

interpreted as depth communities as the box-plots, RDA and

FIGURE 2
Relative percentages of the most abundant diatom taxa, F-index and Hill’s N2 index recorded in the surface sediment samples along the water
depth gradient and the grain size data (i.e., percentages of clay, silt and sand). The dotted lines represent the diatom communities identified using
cluster analysis (TWINSPAN). The intermediate zone includes samples belonging to the mid-depth and deep communities. Diatom taxa are ordered
according to their observed distribution across the water depth gradient: on the left hand-side, in black, are planktonic taxa, in blue are benthic
taxa occurring mostly in the mid-depth zone and in green are benthic taxa that mostly occur in the shallow, littoral zone.
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PCA show that water depth is the main environmental gradient

driving the distribution of these diatom assemblages. These three

communities distribute along the water depth gradient with an

overlap between the mid-depth and deep water communities and

can be described as follows:

(1) Deep water community (11–19 m): This community is

found in the part of the basin that is the deepest and

further away from the shore. The assemblages are almost

exclusively composed of planktonic diatoms with P. comensis

representing 80–90% of the assemblages. Stephanodiscus cf

parvus, another planktonic species, is common. Hill’s N2 is

very low (<10).

(2) Mid-depth community (6.5–14.5 m): This community is

found in a depth zone that partly overlaps with that of

the deep community. It is characterized by low light

conditions and the absence of aquatic plants. The

planktonic species P. comensis dominates in the deeper

part and the benthic epipsammic species Amphora

indistincta in the shallower part, respectively. The most

abundant benthic species include several small

Fragilariaceae such as Pseudostaurosira brevistriata,

Staurosirella pinnata, Nanofrustulum trainorii, Staurosira

construens, epipsammic diatoms such as Halamphora

thumensis, Planothidium sp cf daui, Platessa ziegleri and

epipelic diatoms such as Nitzschia cf dealpina, Geissleria

FIGURE 3
TWINSPAN classification dendrogram of the surface sediment diatom assemblages from Lake Kalakuli. Indicator species and their cut level are
written in bold, while preferential species are written with normal font. Below the dendrogram are shown the box plots for water depth and grain size
components for each diatom clusters defined by TWINSPAN. The 25th and 75th percent quartiles (excluding outliers) are drawn using a box, the
median is shownwith a horizontal line inside the box. Thewhiskers represent the upper and lower ‘inner fences’ that are drawn from the edge of
the box up to the largest/lowest data point less than 1.5 times the box height. Outliers, i.e., values outside the inner fences, are shown as circles if they
lie further from the edge of the box than three times the box height.
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frolikhiensis andHippodonta neglecta. In addition, numerous

benthic diatoms, predominantly nitzschoid and naviculoid

taxa occur in low abundance in this zone and contribute to

the high Hill’s N2 values of these assemblages.

(3) Shallow water community (below 6.5 m): This is the littoral

zone of the lake characterized by the presence of aquatic

plants and high light conditions. A large turnover among the

benthic species distinguishes this community from the mid-

depth community, with the disappearance of several of the

species common in the previous community. Pantocsekiella

comensis maintains the highest relative abundances (up to

50%). The most abundant benthic species include attached

epiphytic taxa such as Achnanthidium minutissimum,

Achnanthidium straubianum, Cocconeis placentula,

Cymbella subhelvetica, Encyonopsis krammeri, Encyonopsis

subminuta, Gomphonema lateripunctatum, the loosely

attached colonial species Distrionella incognita, the

epipsammic species Amphora indistincta, and numerous

motile epipelic species including Aneumastus minor,

Brachysira neglectissima, Nitzschia denticula, Nitzschia

frustulum (Figure 2).

Diatom-water depth transfer function

The WAPLS component 2 model has a higher correlation

coefficient (R2 = 0.89) and a smaller error of prediction

(RMSEP = 1.85 m) by comparison with the other models

(Table 3), and was therefore selected for the transfer function.

The residual errors however are quite high, ranging between

FIGURE 4
Redundancy analysis (RDA) of the surface sediment diatom dataset from Lake Kalakuli with (A) samples coded according to their TWINSPAN
groupings and forward selection of the environmental variables (on the left) and (B) themost abundant species on the right (arrows). Only 37 samples,
with a complete set of associated environmental variables were included in the analysis.

TABLE 2 Summary statistics for the multivariate analyses (PCA, RDAs, partial RDAs) performed on the Kalakuli surface sediment diatom dataset.
Significance tests were performed with 999 Monte Carlo permutations.

Type
of analysis

Nb active
samples

Explanatory
variables

Co-variable λ 1 λ2 Ax.1
% expl var

Pseudo-F p Value

PCA 45 n.a n.a 0.413 0.143

RDA with all variables 37 Depth, clay, silt, sand n.a 0.345 0.050 34.5 17.4 0.001

RDA with forward selection 37 Depth, sand n.a 0.344 0.050 34.4 17.8 0.001

RDA constrained to 1 variable 37 Depth n.a 0.317 0.214 31.7 16.2 0.001

RDA constrained to 1 variable 37 Sand n.a 0.311 0.219 31.1 15.8 0.001

partial RDA 37 Depth Sand 0.084 0.207 12.1 4.7 0.001

partial RDA 37 Sand Depth 0.078 0.207 11.4 4.4 0.004
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FIGURE 5
Principal components analysis (PCA) of the surface sediment diatomdata. (A), shows the 45most abundant species in the dataset (arrows). (B, C)
show the samples coded according to their TWINSPAN groupings as well as the contour plots based on generalized additive models (GAM) for water
depth and the percentage of sand in the samples, respectively. In this analysis all 45 surface sediment samples are included.

TABLE 3 Statistical performance of theweighted averaging partial least squares (WAPLS) model comparedwith other models for diatom-water depth
transfer function from Lake Kalakuli.

Model RMSE R2 Max_Bias RMSEP Jack_R2 Jack_Max_Biax

WA_Inv 2.4429 0.8054 3.0590 2.3799 0.8420 3.2119

WA_Cla 2.7221 0.8054 2.3008 2.2120 0.8446 2.6463

WATOL_Inv 2.2003 0.8421 2.6901 4.1537 0.4706 3.9101

WATOL_Cla 2.3978 0.8421 2.0327 5.0879 0.3810 3.7322

WAPLS-1 2.4429 0.8054 3.0689 2.7310 0.7663 4.1695

WAPLS-2 1.5230 0.9244 2.0673 1.8452 0.8931 2.3054

WAPLS-3 1.3629 0.9394 1.5048 1.8628 0.8883 1.9551

WAPLS-4 1.1143 0.9595 1.0617 2.3529 0.8221 3.5237

WAPLS-5 0.8985 0.9737 0.9679 2.5547 0.7903 3.7380

ML 3.1081 0.7214 5.0143 3.8033 0.6137 8.4426

MAT 2.5639 0.8420 5.3020

WMAT 2.4515 0.8541 5.0783
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+4.5 m for a sample taken in the shallow zone to -4.0 m for a

sample taken at about 11 m water depth. There is also a bias

toward an underestimation of the water depth at the end of the

gradient (all samples with a water depth greater than 17 m)

(Figure 6). Similar bias has been reported in previous studies on

diatom-inferred water depth (Laird et al., 2011).

Chronology of the long core KL13-4

The development of the chronological model follows the

guidelines proposed by Zhang et al. (2016) for radiocarbon-based

age model of Holocene lake sediments in arid NW China. The

30 radiocarbon ages plot linearly against core depth suggesting a

continuous sedimentary record (Table 4; Figure 7). A polynomial

regression closely fits the depth-age relationship of core KL13-4

(R2 = 0.9948) with the following equation:

y � 0.00000504x3 − 0.00791433x2 + 6.42070977x + 1833.4

The reservoir effect calculated based on the average

deposition rate of 210Pbex is 1983 years, and the old carbon

age in Lake Kalakuli measured by Liu et al. (2014) is

1880 years. These two ages are very close to the solution of

the polynomial equation for the top of the core, i.e. 1833 years.

FIGURE 6
Lake Kalakuli diatom-based water depth model. Observed and predicted values of water depth and their residual errors for model WAPLS
component 2 (A): apparent error, (B) Leave-one-out cross validation.
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Therefore, this age can be regarded as the reservoir effect for the

core KL13-4, while the curve derived from the regression

represents changes in deposition rate (Zhang et al., 2016).

After correcting the carbon reservoir effect for the AMS 14C

ages of all samples, ages were calibrated. The model resolution

was 10 cm and calibrated using IntCal 13 data set (Reimer et al.,

2013). The age-depth model was built in R with Bacon 2.2, using

the Bayesian method (Blaauw and Christen, 2011). The ages are

therefore reported as calibrated years (and/or thousand years)

before present, set by convention at 1950 CE, using the following

notation: a (ka) cal BP.

The age of 15.28 m at the bottom of the sequence is 9,831 a

cal. BP, and the age of 15.33 m at the bottom of the drill hole is

9,880 a cal. BP by extrapolation of the deposition rate over the

interval 15.20–15.28 m (Table 4; Figure 7).

Diatom assemblages of core KL 13-4

A total of 205 diatom taxa belonging to 58 genera were

identified from the sediment core from the central basin of

Lake Kalakuli. Amphora indistincta, Pantocsekiella comensis,

Staurosira construens, Staurosirella pinnata and Staurosirella

minuta are the only 5 species with abundance greater than

20% in at least one sample. The number of species per sample

varies between 18 and 48, while the Hill’s N2 varies between

TABLE 4 Measured AMS14C ages and reservoir-corrected14C ages of dated samples from core KL13-4. *Dates excluded from the model.

Sample code Depth δ13C 14C age
(median)

Standard deviation Calibrated age Reservoir-corrected age
in age-depth
model

cm ‰ a a a cal BP,
2σ

a cal BP

Beta-378655 0.00 -25.50 1850 30 1710-1870 -63

Beta-378656 1.00 -25.60 1750 30 1,570-1720 6

Beta-378657 50.00 -24.20 2060 30 1945-2,120 227

Beta-378658 120.00 -24.40 2,530 30 2,685-2,745 697

UCIT31235 120.00 -24.60 2,675 15 2,759-2,777 665

Beta-372454 200.00 -23.60 2,350 40 2,325-2,460 1,008

Beta-378659 300.00 -23.90 2,790 30 2,840-2,960 1,350

Beta-372455 400.00 -24.00 3,160 30 3,345-3,450 1,625

UCIT31234 400.00 -24.00 3,420 15 3,640-3,692 1,587

XA1401 400.00 -22.30 3,441 33 3,640-3,815 1,625

Beta-378660 550.00 -24.70 3,740 30 4,065-4,155 1907

Beta-382988 572.00 -24.20 4,390 30 4,865-5,045 2026

Beta-372456 600.00 -24.40 3,350 30 3,555-3,640 2092

XA1402 700.00 -24.07 4,285 45 4,825-4,954 2,452

Beta-372457 800.00 -23.30 4,710 40 5,435-5,490 2,877

UCIT31236 800.00 -23.60 5,130 15 5,900-5,916 2,652

XA1403 1,000.00 -20.61 5,930 38 6,679-6,792 3,546

Beta-372458 1,000.00 -23.20 5,630 40 6,310-6,490 3,797

XA1404 1,000.00 -6.50 5,120 31 5,765-5,918 3,546*

Beta-378661 1,025.00 -10.10 5,230 30 5,920-6,005 3,694*

Beta-372459 1,200.00 -24.10 6,640 40 7,440-7,580 4,807

UCIT31233 1,200.00 -24.20 6,720 20 7,572-7,605 4,887

XA1405 1,300.00 -22.20 6,961 48 7,722-7,844 6,045

Beta-372460 1,400.00 -23.90 8,240 40 9,085-9,315 7,307

Beta-382989 1,416.00 -24.20 9,450 30 10,645-10,745 7,532

XA1406 1,480.00 -32.86 9,842 45 11,211-11,265 8,009

Beta-372461 1,500.00 -22.00 10,820 50 12,690-12,745 8,834

UCIT31237 1,500.00 -22.40 11,335 25 13,132-13,214 8,834

XA1408 1,520.00 -27.39 11,415 35 13,224-13,330 9,174

XA1407 1,520.00 -27.60 11,440 41 13,212-13,297 9,174
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1.3 and 10.9. The samples showing the highest evenness (high

N2) are in the bottom of the sequence, while the rest of the

samples have low N2 (i.e. with low evenness and the

dominance of a single species). The F-index ranges between

0.5 and 0.85 and is ~0.7 on average (Figure 8). This indicates

that although a large proportion of the diatoms contained in

the sediment sequence show signs of dissolution, it can be

assumed that the diatom record has no gap during which

diatoms would have been completely dissolved. Dissolution is

not a critical factor for this sequence.

The first two axes of the PCA explain respectively 26.1% and

9.5% of the variance in the down-core diatom assemblages. On

the ordination biplot for the first two PCA axes (Figure 9) the

planktonic taxon P. comensis plots at the negative end of the first

axis, while the benthic taxa A. indistincta, S. construens and S.

pinnata plot at the positive end. This opposition between

planktonic/benthic diatoms indicates that water level is the

main environmental gradient influencing the assemblage

composition of the sedimentary sequence. This is confirmed

by the strong correlation (r2 = 0.74) observed between the PCA

scores on axis one and the water depth reconstruction derived

from the WA-PLS model.

The sequence could be divided into five zones using CONISS

(Figure 8).

Zone I (1,533–1,441 cm, 9.9–8.5 cal ka BP):

Low diatom concentration (5.12×107 valves/g)

characterizes this zone, compared to the rest of the core. The

zone can be divided into two sub zones: I-a (1,533–1,500 cm,

9.9–9.2 cal ka BP) and I-b (1,500–1,441 cm, 9.2–8.5 cal ka BP).

Between 9.9 and 9.2 cal ka BP (Zone I-a), Fragilariaceae, small-

FIGURE 7
Age-depth model for the Lake Kalakuli sediment sequence KL13-4 produced by Bacon 2.2 (light blue symbols are 14C dates, the red dashed line
shows the weighted mean ages and grey dashed lines show 95% confidence intervals).
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sized benthic taxa with a preference for cold water, are

dominant in the assemblages. The relative abundance of

Staurosira construens at the bottom of the core is as high as

73%, with Amphora indistincta, Pseudostaurosira brevistriata,

Pseudostaurosira parasitica, Staurosirella pinnata and

Karayevia clevei also common. Pantocsekiella comensis is the

only planktonic species and has a relative abundance below

10%. In Zone I-b, the abundances of Amphora indistincta,

Pseudostaurosira brevistriata, Pseudostaurosira parasitica,

Staurosira construens and Karayevia clevei declined while

those of Diploneis puellafallax, Diploneis minuta and Fallacia

lucinensis increase. At the same time, the planktonic species P.

comensis becomes dominant. Initial valves of P. comensis are

common.

Zone II (1,441–1,140 cm, 8.5–5.1 cal ka B.P.):

Total diatom concentration increased 4 times during the

mid-Holocene, with an average of 2.16×108 valves/g. Two

subzones can be distinguished; II-a (1,441–1,260 cm,

8.5–6.4 cal ka BP) and II-b (1,260–1,030 cm, 6.4–5.1 cal ka

BP). In Zone II-a, P. comensis has completely replaced benthic

species as the dominant species, with an average relative

abundance of 77% at 7.8–7.2 cal ka BP. There were decreases

in small size benthic diatoms including Amphora indistincta,

Staurosirella pinnata, Pseudostaurosira parasitica, Staurosira

construens and Karayevia clevei, while a few benthic species

with larger size, such as Geissleria frolikhiensis, Hippodonta

neglecta and Navicula spp, began to appear in the core. In

Zone II-b, P. comensis morphotype minima appeared.

Pseudostaurosira brevistriata decreased significantly while

Hippodonta neglecta and Nitzschia spp slightly increased.

Zone III (1,140–790 cm, 5.1–2.8 cal ka B.P.):

Diatom concentration fluctuated and generally decreased. P.

comensis became even more dominant. Among benthic species

the abundances of Amphora indistincta and small Fragilariaceae

remain low while that of Hippodonta neglecta and Navicula spp

increased.

Zone IV (790–400 cm, 2.8–1.5 cal ka B.P.):

FIGURE 8
Summary diatom diagram for core KL 13-4. The curve on the left hand-side shows the reconstructed water level fluctuations derived from the
diatom-water level transfer function developed for Lake Kalakuli. Diatom zones are based on a stratigraphically constrained cluster analysis
(CONISS), main zones marked by red dashed lines, sub-zones marked by green dashed lines. The grey band at the top of the sequence symbolizes
the modern conditions with a lake level highstand. Planktonic taxa are on the left of the diagram, from P. comensis to S. cf parvus, all other taxa
are benthic and split according to their apparent preference for the mid-depth (in blue) and shallow zones (in green). On the right hand-side are
plotted the diatom concentration in the sediment (as an indicator of diatom productivity), the F-index that estimates the preservation of the
assemblages, the number of species found in each sample and the Hill’s N2 diversity index.
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Diatom concentration increased slightly, with an average of

2.16×108 valves/g. P. comensis remains the dominant species with

an average relative abundance of 75%. Stephanodiscus parvus

began to appear. Among benthic species, small Fragilariaceae

decreased further, while the genera Diploneis, Navicula and

Nitzschia all showed small increases in diversity and abundance.

Zone V (400–0 cm, 1.5 cal ka B.P.):

Diatom concentration continues to increase with an average

of 2.83×108 valves/g. The dominant taxon for the most recent

sediments of the core remains the planktonic P. comensis,

maintaining abundances of up to 70% during the last

1,500 years. The relative abundance of benthic species

Amphora indistincta and the small Fragilariaceae decline

further during the last ~500 years. Hippodonta neglecta,

Navicula spp and Nitzschia spp dominate the benthic

component of the assemblages.

Discussion

Modern diatom distribution and diversity
across the water depth gradient in Lake
Kalakuli

The diatom analysis of the surface sediment samples revealed

three communities that distribute along the water depth gradient

in Lake Kalakuli: 1) a deep water community (11–19 m), 2) a

mid-depth community (6.5–14.5 m) and 3) a shallow water

community (below 6.5 m). Similar distributions have been

reported from various lakes across the world. For example in

Lake Tovel, an oligotrophic mountain lake in Italy, Angeli and

Cantonati (2005) also found maximum percentages of

Staurosirella pinnata, Pseudostaurosira brevistriata and small

Amphora in the mid-depth zone of this lake, while the

deepest part was dominated by planktonic taxa (Cyclotella and

Fragilaria spp in their case) and the shallow zone was dominated

by a diverse assemblage of benthic species including

Achnanthidium minutissimum, Brachysira, Encyonopsis and

various motile Navicula. Also in Europe, Hofmann et al.

(2020) observed in the subalpine Lake Oberer Soiernsee

(Southern Germany), a shallow zone dominated by species of

Achnanthidium, Encyonopsis, Brachysira with motile species of

Navicula and Nitzschia and a deeper zone dominated by small

Fragilariaceae and small Amphora. In North America, Laird et al.

(2011), Kingsbury et al. (2012) and Gushulak and Cumming

(2020) found consistently the same pattern in several lakes of

northern Ontario (Canada), with Achnanthidium minutissimum

being dominant in the shallow zone (<5 m depth) while

Staurosirella pinnata and other small Fragilariaceae dominate

the mid-depth zone. In China, the few studies that reported on

the depth distribution of diatoms gave contrasting results. In

Yulong Lake, an alpine lake in Yunnan (southern China), small

Fragilariaceae are dominant throughout the shallow zone from

0 to 5.5 m, and remain abundant in the profundal zone (Zou

et al., 2020). In Huguang Maar Lake, a volcanic lake in

Guangzhou Province (S. China), Achnanthidium

minutissimum and Encyonopsis spp dominate the shallow

zone but only few Fragilariaceae are present and no clear

mid-depth assemblage can be distinguished (Li et al., 2021).

Finally, in Lugu Lake, a deep lake on the Yunnan Plateau, a mid-

depth assemblage was observed but it was mainly composed of

Diploneis species while the shallow zone (below 10 m depth) was

dominated by small Fragilariaceae, with significant contribution

of Achnanthidium minutissum, small Amphora and diverse

motile species of Navicula and Nitzschia (Wang et al., 2012).

These results suggest that some taxa have a rather specific

distribution most likely driven by their tolerance to low light

conditions, more than the actual depth of the water. However, the

morphological profile of the depth-transects (e.g. steepness of the

basin slope) and physicochemical characteristics of the lakes that

are sampled greatly influence the depth distribution pattern of

species from lake to lake (and even from transect to transect in

some large, complex lakes) as already observed by Angeli and

Cantonati (2005).

In Lake Kalakuli the bimodal distribution of P. comensis,

which is completely dominant in the deep zone, very abundant in

the shallow zone with a marked decrease in the mid-depth zone,

suggests that this planktonic diatom habits in the shallow zone

for a part of its life-cycle. The settling of live cells on the shallow

FIGURE 9
PCA ordination biplots showing the main diatom species
(arrows) and samples from the sediment core KL 13–4 grouped
into enveloped corresponding to the stratigraphical zones defined
by CONISS cluster analysis.

Frontiers in Earth Science frontiersin.org

Peng et al. 10.3389/feart.2022.825573

212

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.825573


sediment permits to the population of this species to survive

summer periods of strong thermal stratification. Indeed, while

cells in the deep zone will die if they settle in dark, deep waters

below the photic zone, those deposited at shallow depth can

remain alive and be quickly resuspended in the water column

during periods of mixing. This allows this species to re-colonize

the pelagic zone.

Generally, the littoral zone of a lake includes a variety of habitats

such as rocks, sand, mud, and aquatic plants, which can provide a

variety of substrates for diverse benthic diatoms to grow upon. By

contrast, in deep water areas benthic diatoms cannot grow because

not enough light reaches the bottom of the lake (Hayashi, 2011) and

the assemblages that sediment below the water column are generally

dominated by planktonic species that grow in the photic zone. As

planktonic diatoms are generally much less diverse than benthic

diatoms, such deep-water assemblages have low diversity. Therefore,

over long time scales such as those recorded in the sedimentary

record, a rise in lake water level may reduce the proportions of

benthic species and thus the overall diatoms diversity found in the

core assemblages.

Diatom-inferred water-level changes
from Lake Kalakuli

The fossil diatom assemblage from the KL13-4 sediment core

reveals several changes over the last ~9.9 cal ka BP which, in

combination with sediment–geochemical parameters, enables the

reconstruction ofmajor climate episodes and environmental conditions.

The diatom-based depth water reconstruction (Figure 8) shows

that the lake depth varied between 6.1 and 17.5 m during the duration

of the sequence. This reconstruction is an underestimation as we

mentioned previously that the transfer function has a bias for the deep

end of the depth gradient. However, as mentioned earlier the strength

of the correlation between the PCA sample scores on axis-1 and the

water depth reconstruction suggests that diatom-inferred depth is a

good reflection of the assemblage changes. Thus, while the diatom-

based water depth reconstruction should not be considered as an

absolute record of lake level fluctuations, it is showing the general

trends in lake level. The lake water level increased greatly from a low

level in the Early Holocene. In the middle and late Holocene, water

level fluctuated slightly with a slight upward trendwhile in the last few

hundred years, it has increased significantly, and is now at its highest.

Fossil diatoms at the bottom of Lake Kalakuli sequence

recorded a low lake water level, about 13 m below the current

level. During the late Pleistocene (16-11 ka BP), glaciers

including those from the Muztagh Ata and Kongur Shan,

advanced in the alpine regions of Central Asia (Sevastyanov

et al., 1990). The climate was cold and dry, causing a decrease

input of glacier melt water, and a large number of lakes dried up

or even disappeared. The total abundance of diatoms was very

low, and the assemblages mainly consisted of small fragilarioid

taxa, which are often reported to represent pioneer diatom

communities (Väliranta et al., 2011) in early postglacial

tundra environments. These species prefer poor light

conditions (Anderson, 2000), oligotrophic and alkaline

conditions with cold temperatures and short growing seasons

(Laing et al., 1999; Biskaborn et al., 2012). Their highest

abundances are reached at water temperatures below

approximately 6 °C (Joynt and Wolfe, 2001). We could infer a

cold lake environment with long seasonal ice cover.

In the early Holocene, as temperature rose, the glaciers

receded and this resulted in large increase in the influx of

glacial melt water and coarse mineral particles into the lake

basin. As a result, the clay mineral content at the bottom of the

core was low (Figure 10). As reported for other alpine lakes in the

region (Chen et al., 2008), Lake Kalakuli started to refill during

this period, and lake levels fluctuated before stabilizing. Two

sudden drops in water level occurred at 8.7 and 8.2 cal ka BP,

which may be related to the Muztag Ata glacier advance at

around 8.4 ka (Seong et al., 2009). The diatom concentration and

relative abundance of planktonic species were quite low during

this period, most likely due to the low water level of the lake that

limited the space available for planktonic diatoms to grow, as well

as the low water temperature associated with large influx of

glacial meltwater, which is not conducive to the massive growth

of diatoms. Interestingly, the benthic species that dominate the

bottom part of the sequence are part of the mid-depth

community in the modern lake while few species forming the

modern shallow zone community are present. This suggests that

aquatic plants were absent and light conditions were low, in

agreement with large supply of cold and turbid glacial meltwater.

In the Mid-Holocene (~8–4 cal ka BP), water level returned to

high levels and the average abundance of diatoms at this stage is the

highest of the Holocene, reflecting a more productive lake,

associated with a warm and humid climate in the East Pamir

during that period, corresponding to the Holocene warm period

in China (Shi et al., 1992; An et al., 1993). Although the climatic

conditions were relatively stable during this stage, there were

fluctuations around 7.2–6.5 cal ka BP, 5.0 cal ka BP, and 4.2 cal

ka BP, which were manifested in the decrease of lake water level and

slight increase in the diversity indexHill’s N2 (Figure 8). The records

of 10Be terrestrial cosmogenic nuclide surface exposure dating of

moraines indicate that glacier advanced around 7.0–6.5 cal ka BP

and 4.2 cal ka BP (Seong et al., 2009) (Figure 10). Thus, the lowering

of the lake water level during this period was probably related to the

advancement of glaciers that reduced the supply ofmelt water. From

the perspective of diatom productivity, the diatom concentration

during the periods of 7.2–6.5 cal ka BP and 5.0 ka BPwas lower than

the average value of the warm period, while the diversity increased

during the same period.

In the late Holocene (~4 cal ka BP to the present), the lake

level fluctuates frequently but with low amplitude. During this

period, three periods of glacier advance and two periods of retreat

are recorded (Seong et al., 2009). During this period, there is a

noticeable increase in the percentages of motile diatoms such as
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Hippodonta neglecta, Navicula spp and Nitzschia spp. that

correspond with the large increase in clay content in the core

(Figures 8, 10). With such influx of fine sediment, benthic

diatoms that can move and avoid burial are favored over non-

motile diatoms (Jones et al., 2014). The rise of the lake water level

in modern times may be related to climate warming caused by

human activities and increase in the supply of glacial melt water.

Regional comparison and climatic
significance

According to the trends in water level in Lake Kalakuli, the

evolution of the lake can be roughly divided into three stages: the

rising period of the water level in the Early Holocene, the relatively

stable period of the mid-late Holocene, and the modern rising

period. This trend can be compared with the climate records of the

westerlies-dominated region in Central Asia.

During the early Holocene period before 8.0 cal ka BP in the

Kalakuli region, the climate was relatively arid but effective

moisture was increasing. Studies on other lakes from the arid

regions of Central Asia also reflect a cool and dry environment

and low lake levels during the early Holocene, which are in good

agreement with the climate characteristics revealed by the

Kalakuli records. For example, Bosten Lake, once the largest

freshwater lake in inland China, was still dry before 8.4 cal ka BP

(Huang et al., 2009); Lake Aibi, situated in the western margin of

Junggar Basin, was a marsh or wetland between 13.9-7.4 ka BP

(Wang et al., 2013); Lake Issyk-Kul, located on the west side of

the Tianshan Mountains, was also formed at around 8 cal ka BP

(Ricketts et al., 2001). Analyses based on δ18O, δ13C and grain size

from Barkol Lake also show relatively arid conditions in the early

Holocene (9.4–7.4 ka BP) (Xue and Wei, 2011).

In the middle and late Holocene, the water level of the Lake

Kalakuli was steady with a slight upward trend, reflecting the

continuous increase of effective humidity in the area since the

Holocene. Wang and Feng (2013) based on the integrated

humidity curve of four lakes located in northern Xinjiang, also

show that humidity increased from 8 cal ka BP. The records of

Barkol Lake (An et al., 2012), the peat records of Chaiwopu in central

Xinjiang (Hong et al., 2014), and the pollen records of the Caspian

Sea (Leroy et al., 2014) all reflect the same climatic characteristics as in

the Kalakuli region. In their review, Chen et al. (2008) and Mathis

et al. (2014) summarized the trends observed for the lakes located in

the westerlies region of Central Asia that the highest lake level

occurred in the Mid-Holocene, corresponding to the humid

environment, and the lake level decreased in the late Holocene as

the climate gradually became dry. Pollen (Huang et al., 2009) and

aeolian sedimentary records (Long et al., 2014) also show that the

inland area of Asia was very arid in the early Holocene, then reached

the wettest state in the Middle Holocene after a rapid increase in

moisture at about 8 ka BP, and gradually began to dry out in the late

FIGURE 10
Record of glacier advance from Seong et al. (2009), on the left hand-side, compared with geochemical and diatom data derived from the Lake
Kalakuli sequence. From left to right: percentage of clay, Rb/Sr ratio, diatom concentration, diatom sample scores on PCA axis-1 (x-axis is reversed),
diatom-based water depth reconstruction (with error bars corresponding to the RMSEP as dashed lines, in grey) and relative abundances of
planktonic and benthic diatoms plotted against core depth and chronology. The red and green dashed lines indicate the diatom assemblage
zones and subzones, respectively (see caption of Figure 8 for details).
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Holocene. The water level trend of Lake Kalakuli is therefore

completely consistent with the climate evolution of the region as

described in the literature.

Driving mechanisms of climate variation

This pattern of an early Holocene dry phase and a mid-late

Holocene humid climate has universal significance in the inland

westerlies region of Central Asia. The early Holocene drought in

the inland westerlies region of Asia is considered to be related to

the high solar radiation in the northern hemisphere in summer as

radiation increases the temperature (Kutzbach and Guetter,

1986; Berger and Loutre, 1991), narrowing the difference

between the high and low latitudes. The temperature

difference between the latitudes and the subtropical high

caused the subtropical high to move northward and strengthen,

the westerlies belt moved northward and the intensity of the

westerlies jet stream decreased, and the activity of mid-latitude

cyclones also weakened. At the same time, the injection of a large

amount of melt water from the Laurentide Ice Sheet into the North

Atlantic made the sea surface water temperature (SST) lag behind.

The lower water vapor evaporation in the North Atlantic then

leads to a reduction in the amount of water vapor carried by the

westerlies wind (Carlson et al., 2008). In addition, the strong

radiation also caused an increase in the sinking airflow on the

northern edge of the Qinghai-Tibet Plateau. Therefore, these

changes of solar radiation in the northern hemisphere in

summer led to less precipitation and more evaporation in the

westerlies region of Central Asia in the Early Holocene. During the

Lateglacial period and the Younger Dryas (YD) event, the Muztag

Ata glacier advanced, and the glacier melt water was reduced

dramatically or even dried up, which caused extremely low lake

level in the early Holocene. After the YD event, rapid warming

caused the melting of alpine glaciers, and the rapid rise of the Lake

Kalakuli water level at ~8.0 ka BP.

In the mid-late Holocene, solar radiation in the northern

hemisphere decreased, which increased the temperature

difference between high and low latitudes. The weakened

subtropical high moved south, which led to the southward

movement and increasing intensity of the westerlies jet, while

the activity of mid-latitude cyclones also increased (Magny et al.,

2007). At the same time, around 8.0 ka BP, the volume of the

Laurentide ice sheet had shrunk to 10% of the peak area reached

during the Last Glacial Maximum, and completely disappeared at

6.0 cal ka BP (Dyke et al., 2013). Then, the North Atlantic SST

gradually increased to the highest value of the Holocene, and so

the water vapor brought into Central Asia with the westerlies

winds also gradually increased. During the mid-Holocene, water

level fluctuations and the diatom productivity record reflect the

“cold wet/warm dry” hydrothermal configuration pattern, which

may be due to the northward movement of the westerlies belt in

the warm period, the weakening of the strength of the westerlies

jet, and the reduced activity of mid-latitude cyclones, as well as

increased evaporation caused by temperature rise, and vice versa.

The temperature changes reflected by the organic carbon

content of the sediments of Lake Sate Baile Dikuli, located next to

Lake Kalakuli (Li et al., 2018) and the temperature record of the

northeastern Qinghai-Tibet Plateau (Wang et al., 2015) both

show that the rapid warming at the end of the 20th century was

the highest in the past 200 years. Such rapid temperature increase

has triggered a rapid response of mountain glaciers, especially in

the Qinghai-Tibet Plateau glacial area (Duan et al., 2007).

Therefore, the water level rise in Lake Kalakuli in recent years

can be regarded as a direct manifestation of the large amount of

meltwater caused by the loss of ice in the Muztag Ata glacier,

where the magnitude of warming is extremely large, around

2.0–2.4°C per decade according to the δ18O record from the

Muztag Ata ice core (Tian et al., 2006).

Conclusion

Diatom assemblage variations in Lake Kalakuli show that the

trends in climate in this area are basically consistent with climate

evolution in the westerlies region of Central Asia. In the early

Holocene, the lake water level was the lowest for the entire

Holocene and rose after 9 cal ka BP. In the middle and late

Holocene, the lake level was relatively stable with only small

fluctuations, and the overall trend was a slight increase. These

results show that effective humidity in this area was low and

increased rapidly in the early Holocene; the humidity was higher

in the middle and late Holocene. In the last 200 years, the lake

level increased significantly and reached the highest value for the

whole sequence, which may be related to the increase supply of

glacier melt water caused by global warming. The fundamental

driving mechanism of the moisture and temperature changes of

arid Asia during the Holocene is the change of westerlies

circulation caused by changes in solar radiation, while the

Muztag Ata glacier activity has a direct and key impact on the

change of the lake water level.
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High-resolution multi-proxy records from two lakes on the southern Tibetan

Plateau, Nam Co and Tangra Yumco, are used to infer long-term variations in

the Asian monsoon system with a novel set of ostracod shell chemistry proxies.

We track the moisture evolution since the Last Glacial Maximum using the trace

element, rare earth element (REE) and stable isotope composition of ostracod

shells. The sediment records covering the past 18.8 cal. ka BP and 17.4 cal. ka

BP, respectively, demonstrate the suitability of REEs as indicators of weathering

intensity and thus hydrological changes andmoisture sources in the catchment.

In Nam Co, high concentrations of light REEs between 14 and 13 cal. ka BP

suggest an increased drainage from the glaciated Nyainqêngtanglha Mountains

in the south, pointing to meltwater input. REEs in ostracod shells therefore

provide additional information on water sources critical for the interpretation of

stable isotope records. Mg/Ca, Sr/Ca, and Ba/Ca ratios reflect salinity and thus

changes in effective moisture. Asynchronous behavior of Mg/Ca, Sr/Ca, and Ba/

Ca ratios are controlled by changes in dominance of precipitating carbonate

minerals in the lake. Synchronous behavior reflects calcite precipitation,

indicating low-Mg/Ca warm-wet conditions. Constantly low Sr/Ca ratios

reflect aragonite precipitation, indicating high-Mg dry conditions. Increased

Sr/Ca and Ba/Ca relative to Mg/Ca ratios showmonohydrocalcite precipitation,

indicating high-Mg/Ca cold-dry conditions. Furthermore, Fe/Ca, Mn/Ca and U/

Ca ratios in ostracods reflect changes in oxygen saturation in lake bottom

waters controlled by lake level andmicrobial activity. The paleoclimate histories

reconstructed from Nam Co and Tangra Yumco show high similarity

throughout the late Quaternary. We identified two major dry periods,

corresponding to Heinrich 1 and the Younger Dryas, followed by
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strengthening in Indian summer monsoon precipitation. The early Holocene is

characterized by a moisture maximum, reflecting abundant water supply by a

strong ISM. A time-delayed shift to dry conditions occurred at 2.6 cal. ka BP at

Tangra Yumco, and at 2 cal. ka BP at NamCo, resulting in decreasing lake levels,

caused by weakened monsoon intensity due to a southeastward migration of

the ISM-Westerly boundary with an estimated velocity of approximately 600m

per year.

KEYWORDS

trace element geochemistry, stable isotopes, Asian monsoon system, rare earth
elements (REE), Tibetan Plateau, paleohydrology, carbonate precipitation

1 Introduction

The Tibetan Plateau is one of the most sensitive areas to

global climate change. Since 1960, precipitation has risen by 12%,

and temperatures have increased by 0.4°C per decade, which is

three times the global average (Lin et al., 2017). This has led to

glacier retreat and degradation of permafrost (Yao et al., 2012;

Cheng and Jin, 2013). Situated in the transition zone between

East Asian monsoon (EAM), Indian summer monsoon (ISM)

and Westerlies, the high elevation of the Tibetan Plateau affects

the global atmospheric circulation (Ye and Wu, 1998) which

makes it a key region to study the Asian monsoon system.

Although numerous studies reconstructed Holocene

monsoon variability in different regions of the Tibetan Plateau

(Zhu et al., 2009; An et al., 2012; He et al., 2018; Thompson et al.,

2018), regional variability in timing and magnitude of monsoon

precipitation led to contrary conclusions regarding the

interaction of different circulation systems within the Asian

monsoon system. A synthesis of eleven lake records from arid

central Asia concluded, that the patterns of moisture variation

are out-of-phase between Westerly-influenced regions and areas

influenced by the Asian monsoon (Chen et al., 2008, 2019).

Contrasting results were reported in other studies, which

indicated more or less in-phase changes during the late

Quaternary (Herzschuh, 2006; Wünnemann et al., 2018).

In the present study, we compare high-resolution multi-

proxy records from two lakes on the southern Tibetan

Plateau, Nam Co and Tangra Yumco, to infer long-term

variations in strength and extent of the Asian monsoon

system. Nam Co in the eastern part of the southern Tibetan

Plateau is clearly influenced by the ISM, whereas Tangra Yumco

is located on the transition betweenWesterlies and ISM (Ahlborn

et al., 2016a). In closed basin lakes like Nam Co and Tangra

Yumco, lake level changes are an important indicator of changes

in water balance. Thus, lacustrine sediments are sensitive

archives of environmental changes. Typically, within these

sediments calcite shells of ostracods are well preserved

microfossils. Ostracods are abundant in Tibetan Plateau lakes

and sensitive to environmental conditions (Mischke, 2012; Akita

et al., 2016).

The most dominant ostracod taxon in Nam Co and Tangra

Yumco is Leucocytherella sinensis Huang, 1985, an endemic

species widely distributed in high altitude water bodies (above

4,000 m) on the southern, central and western Tibetan Plateau. It

inhabits cold and saline aquatic environments with salinities of

0–13‰ (Huang et al., 1985). Leucocytherella sinensis is an

ecologically opportunistic species possessing a wide ecological

tolerance (Wrozyna et al., 2009; Peng et al., 2013) dominating

Ca-depleted brackish waters (Akita et al., 2016). The species has a

high propagating ability and strong adaptability (Li et al., 2002).

Reproduction starts in late spring (May/June) with several

subsequent generations until September (Börner et al., 2017).

The geochemical composition (e.g. stable isotopes and trace

elements) of their calcite shells provides valuable information

about past hydrological changes (Holmes et al., 2007; Mischke

et al., 2008, 2010; Zhang et al., 2009). Stable oxygen and carbon

isotopes as well as Mg/Ca and Sr/Ca ratios of ostracod shells have

been used in many studies to reconstruct temperature and

salinity changes (Holmes, 1996; Holmes and De Deckker,

2012). The use of Ba/Ca, Fe/Ca and Mn/Ca ratios is less

common and there exists only one study using REEs in

ostracod shells (Börner et al., 2013). Nevertheless, from

previous studies it became clear that the incorporation of

elements into the shell calcite of ostracods is controlled by a

variety of factors, which can differ between lakes showing

regional variability. Therefore, a modern calibration study was

conducted by Börner et al. (2017) to identify those controlling

factors in lakes from the southern Tibetan Plateau, including

Nam Co and Tangra Yumco. For further details see

Supplementary Material.

Using ostracod shell chemistry records we 1) test the

suitability of REEs and trace elements in ostracod shells to

reconstruct environmental changes in Lake Nam Co, where a

detailed climate history since the LGM is already available (Zhu

et al., 2008; Daut et al., 2010; Günther et al., 2015; Kasper et al.,

2015), 2) compare REE, trace element and stable isotope inferred

changes, and 3) assess the interaction of the ISM and Westerlies

based on a comparison of the Nam Co and Tangra Yumco

records to identify synchronous and asynchronous climatic

changes along this east-west transect.
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2 Regional setting

The Tibetan Plateau hosts more than 300 lakes with a surface

area greater than 10 km2 (Yu et al., 2001). In our study, we

investigate lacustrine records from Nam Co and Tangra Yumco,

two lakes located on a west-east transect in the central and

southern part of the Tibetan Plateau (Figure 1A).

Nam Co is located 230 km north of Lhasa (30°30’–30°35′ N,
90°16′–91°05′ E; Figure 1C) in an altitude of 4,718 m above sea level

(a.s.l.). Nam Co is one of the largest saline lakes on the Tibetan

Plateau, with a surface area of 2017 km2 and a catchment area of

10,680 km2 (Keil et al., 2010; Zhou et al., 2013). Themaximumwater

depth in the central basin is 98.8 m (Wang et al., 2009; Daut et al.,

2010) and it is located in a hydrologically closed basin. Lake waters

are dominated by HCO3
− and Na+ ions, but show very low Ca2+ and

Mg2+ concentrations and a Mg/Ca ratio of 17.5 mol/mol (Table 1).

Carbonates precipitated in the lake are monohydrocalcite (MHC),

low-Mg calcite and traces of dolomite. Extensive lake level changes

are indicated by numerous lake terraces around Nam Co. The

highest terrace of 140 m above present lake level was formed during

the last interglacial at around 116 ka BP (Wu et al., 2004). A

lacustrine terrace at 11 m above present lake level indicates the

FIGURE 1
(A) Topographic map of the Tibetan Plateau showing the locations of Nam Co (NC) and Tangra Yumco (TAN) (map source: http://www.demis.
nl) and the atmospheric system, including the Indian summer monsoon (ISM) in orange, the East Asian summer monsoon (EASM) in blue, and the
Westerlies in green, as well as the Asian winter monsoon (AWM) in red (Anslan et al., 2020). The dotted black lines denote the summer monsoon
transition zone (SMTZ) as suggested by Wünnemann et al. (2018). (B) Bathymetric map of Tangra Yumcowith core site TAN12-2 (red dot, Wang
et al., 2010), and (C) bathymetric map of Nam Co with core site NC08/01 (red dot, Wang et al., 2009).
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Holocene highstand and was dated to 6 ka BP (Wallis et al., 2011) or

4.2–2.2 ka BP (Chen et al., 2017).

The present climate at NamCo is semi-arid to sub-humidwith a

mean January temperature of−10.8°C andmean July temperature of

12.6°C. The lake freezes completely during the winter months with

an average ice cover period of 90–130 days (Kropáček et al., 2013;

Wang et al., 2019). The mean annual precipitation is 406 mm,

mainly brought by the ISM from June to August (Li M. et al., 2008).

The water balance is mainly controlled by precipitation, evaporation

and groundwater inflow, and to a lesser extent by meltwater runoff.

Zhu et al. (2010) found that precipitation on the lake and as surface

runoff accounted for 63% to the water input, while glacier meltwater

only contributes ~10%, and the remaining 27% are attributed to

other sources, including groundwater. The P/E (precipitation/

evaporation) balance is negative. More than 60 streams feed the

lake, most of them discharging from the Nyainqêngtanglha

mountain range in the south (Wang et al., 2009), resulting in

moister conditions on the southern bank. These climatic

conditions are reflected by the vegetation, which is dominated by

alpine meadows and steppe grassland (e.g. Stipa spp., Artemisia

spp. and Kobresia spp.), and is commonly used as pasture land

(Miehe et al., 2008, 2009).

Tangra Yumco is located 450 kmwest of Lhasa and 375 kmwest

of Nam Co (30°45′–31°22′N, 86°23′–86°49′E; Figure 1B). It is a

saline closed-basin lake situated on the northern slope of the

Gangdis Mountains at an altitude of 4,540 m a.s.l. The lake is

situated in an active north–south trending graben system

(Armijo et al., 1986) and consists of two sub-basins with a

surface area of 824 km2 and a catchment area of 8,934 km2. The

southern basin has a water depth of 100 m and the northern basin a

maximum depth of 230 m, making Tangra Yumco the deepest lake

on the Tibetan Plateau (Wang et al., 2010; Haberzettl et al., 2015).

The modern-day water parameters of the northern basin, where the

sediment core was taken, are summarized in Table 1. Tangra Yumco

waters contain nearly equal amounts of HCO3
− and SO4

2- and are

rich in Na+ (>80%). High Mg/Ca molar ratios with values up to

75 were measured in Tangra Yumco in 2009 (Börner et al., 2017),

but decreased to 22.7 in the following sampling years (Table 1).

The largest lake level changes observed on the Tibetan Plateau

were reported for Tangra Yumco (Kong et al., 2011; Rades et al.,

2015).Well-preserved paleoshorelines are located up to 185 mabove

the present lake level, indicating an early Holocene lake-level

highstand followed by shrinkage of the large lake (Long et al.,

2012; Liu et al., 2013; Rades et al., 2013). High bedrock terraces

around the lake (~360 m above present lake level) reflect the mid-

Pleistocene highest lake level of Tangra Yumco (Kong et al., 2011).

Tangra Yumco lies in the climatic transition betweenWesterly-

influenced and ISM-influenced regions. Climate conditions are cold

semi-arid, with a mean January temperature of −11.4°C and mean

July temperature of 10.9°C (Miehe et al., 2014). During winter

months, the lake is covered with ice for ~95 days but due to the high

salinity it is not completely frozen in every year (Kropáček et al.,

2013). Mean annual precipitation is 305 mm (Hudson and Quade,

2013) with highest rainfall during summer monsoon (Singh and

Nakamura, 2009; Maussion et al., 2013; Guo et al., 2014). The water

balance is predominantly controlled by precipitation and

evaporation, whereas meltwater from glaciers has a minor impact

and accounted for only 14% of the total basin runoff between

2001 and 2011 (Biskop et al., 2016). Two large rivers enter the

currently terminal lake from the west and the southeast, discharging

from the Gangdis mountain range (Long et al., 2012). Climate

conditions support alpine steppe vegetation (e.g. Stipa purpurea,

Kobresia pygmea andArtemisia spp.) used as pasture or infrequently

irrigated agriculture (Miehe et al., 2014; Ma et al., 2017).

3 Material and methods

3.1 Sampling and sample preparation

Sediment core NC08/01, with a total length of 10.41 m, was

recovered from 93 m water depth in the central part of Nam Co

TABLE 1 Characteristics of modern lake waters of both studied lakes Nam Co and Tangra Yumco.

Lake Lat. Lon. Alt. Water
depth
[m]

EC
[µS/cm]

Salinity
[psu]

pH Alkalinity
[mmol/L]

δ18O
[‰]

δD
[‰]

δ13CDIC

[‰]

Nam Co 30.67 90.81 4,725 98.8 1870 1.2 9.1 17.2 −6.1 −66.4 3.2

Tangra
Yumco

31.27 86.65 4,540 230 11890 8.6 9.5 41.5 −6.5 −76.7 5.2

Lake Ca
[mg/l]

Mg
[mg/l]

Fe
[µg/l]

Mn
[µg/l]

Ba
[µg/l]

Sr
[mg/l]

Mg/Ca
mol

Sr/Ca
mmol

Ba/Ca
mmol

Fe/Ca
mmol

Mn/Ca
mmol

Nam Co 5.8 56.8 3.06 0.30 23.37 0.46 17.5 38.76 1.255 0.41 0.040

Tangra
Yumco

22.0 278.7 61.6 1.45 5.34 0.31 22.7 6.78 0.076 2.15 0.052

Water parameters were measured on 13 September, 2011, at Tangra Yumco and on 4 July, 2018, at Nam Co.
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basin (30°44.25′ N, 90°47.42′ E; Figure 1B). Gravity core NC08/

01-Pilot4 (1.15 m length, 30°44.25′ N, 90°47.42′ E, 93 m water

depth) forms the uppermost part of the composite profile.

Sediment core TAN12-2, with a total length of 11.5 m, was

retrieved from 217 m water depth in the northern basin of

Tangra Yumco (31°13.93′N, 86°43.25′E; Figure 1C). Gravity

core TAN10/4 (1.62 m length, 31°15.15′N, 86°43.37′E, 223 m
water depth) forms the upper part of the composite profile.

Piston cores were recovered using a piston coring system (Ø

90 mm; UWITEC, Mondsee, Austria) and gravity cores (Ø

63 mm) were retrieved using a modified gravity corer

(Meischner and Rumohr, 1974). Details on core recovery,

handling and sedimentological properties for Nam Co are

given in Doberschütz et al. (2013) and Kasper et al. (2012)

and for Tangra Yumco in Akita et al. (2015) and Henkel et al.

(2016). For geochemical and paleontological analysis, the cores

were sampled in 1 cm intervals. Bulk sediment samples for stable

isotope analysis were freeze-dried and homogenized by grinding.

For paleontological analysis, sediment samples were treated

with 5% hydrogen peroxide (H2O2) for organic matter removal,

followed by washing and sieving (63 and 200 µm mesh size) with

deionized water. From the 200 µm size fraction, ostracod shells

were picked with a fine brush under a low magnification

stereoscopic microscope. Identification was based on Hou and

Gou (2002, 2007) and Wrozyna et al. (2009). For chemical

analyses (REEs, trace elements and stable isotopes) only adult

individuals with pristine shells from the dominant ostracod

taxon Leucocytherella sinensis were used.

Selection of shells was done under a low magnification

stereoscopic microscope by visual inspection of surface

coatings or dissolution evidence. Shells were cleaned manually

with a fine brush and deionized water and ethanol. After

cleaning, shells were dried and split into two groups, one for

stable isotope and one for REE and trace element analysis. Shells

destined for stable isotope analysis were weighed (average 7 µg

per shell) and 10–15 shells per sample horizon were used to reach

the minimal sample weight of 80 µg. Stable isotopes of ostracod

shells could not be analyzed for Tangra Yumco due to an

insufficient number of available adult L. sinensis shells in parts

of the core (Akita et al., 2015). Shells destined for REE and trace

element analysis were fixed on glass slides using double-faced

adhesive pads (tesa® TACK).

3.2 Analytical procedures

REE and trace element analysis was carried out using a high-

resolution sector-field ICP–MS Thermo Element 2 combined

with a 213 nm (UP-213) Nd:YAG laser ablation system from

New Wave at the Max Planck Institute for Chemistry (MPI),

Mainz (Jochum et al., 2007). Ablation was performed in a helium

atmosphere and argon was the carrier gas. Line-scan analysis was

performed using a 100 μm crater size with a high scan speed of

80 μm s−1 at an energy density of 2.6 J cm−2 and a repetition rate

of 5 Hz. Three linescans were carried out across the surface of

each single shell. For each stratigraphic horizon, two to four

shells were analyzed. Isotopes measured in this study (25Mg, 27Al,
29Si, 31P, 43Ca, 47Ti, 55Mn, 57Fe, 63Cu, 85Rb, 88Sr, 89Y, 137Ba, 139La,
140Ce, 141Pr, 146Nd, 147Sm, 151Eu, 157Gd, 159Tb, 163Dy, 165Ho, 167Er,
169Tm, 174Yb, 175Lu, 208Pb, 232Th, and 238U) are interference-free as

demonstrated by Jochum et al. (2012). NIST SRM 612 reference

glass was used for external calibration. Precision of

measurements ranges between 1.2 and 7.8% for all elements

with increasing error at lower concentrations (i.e., 2.0% for Ba,

2.4% for Sr, 3.1% for Mg, 4.5% for U, and 7.8% for Fe). Blank-

corrected count rates of the analyzed isotopes were calculated

relative to the internal standard (43Ca; Yang et al., 2014). Each

measurement was checked for elevated Al and Ti counts to

identify remaining shell contamination, such as

Aluminosilicates, which would result in enhanced element

counts. These sections were removed from further

consideration. Elemental ratios in ostracod shells (El/Ca) are

expressed in mmol/mol. REE concentrations were chondrite

normalized following Haskin et al. (1968; 1971). Intra-shell

and inter-shell-variability ranges from 2% (Sr), 3% (Mg, Ba),

4% (P, Mn, Y), 5% (La, Ce, Pr, Nd, Gd, Sm, Eu, and Dy), 6% (Fe,

Tb, Ho, Er, Tm, Yb, and Pb), 7% (Al, Cu, Lu, and Th), 8% (Si, Ti,

U), up to 9% (Rb), and lie within the analytical error margin.

Analysis of stable isotopes was done at the GFZ Potsdam,

Germany. The analysis of δ18O and δ13C values in ostracod shells

was done with a KIEL-IV-Carbonate Device connected to a

Finnigan MAT253 mass spectrometer. Around 40–80 µg

ostracod samples were reacted with 103% H3PO4 at 72°C.

Standardization was done using international reference

materials IAEA-NBS18 and NBS19, as well as laboratory

internal standards C1 (calibrated against VPDB). The

analytical precision was better than ±0.06‰ for both, δ18OLsin

and δ13CLsin values (Lsin = Leucocytherella sinensis).

Stable isotope analysis of bulk sediment from Tangra Yumco

core was carried out using a Finnigan GasBench-II with

carbonate-option connected to a DELTAplus XL isotope ratio

mass spectrometer (IRMS). Around 200 µg of bulk sediment

samples was reacted with 100% H3PO4 at 75°C for 60 min.

Results are expressed in the standard delta notation in per mil

relative to VPDB (Vienna Pee Dee Belemnite). The analytical

precision was better than ±0.07‰ for δ18Obulk and δ13Cbulk

values.

3.3 Chronologies

AMS 14C radiocarbon dating of 24 bulk sediment samples

from NC08/01-Pilot4 and NC08/01 and 28 bulk sediment

samples from TAN10/4 and TAN12-2 was carried out by Beta

Analytics, Miami, United States A reservoir age correction of

1,420 years for Nam Co (Kasper et al., 2012; Doberschütz et al.,
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2013) and 2070 years for Tangra Yumco (Haberzettl et al., 2015;

Henkel et al., 2016), respectively, was applied, based on dating of

surface sediments. Corrected ages were calibrated with OxCal

4.1.7 and Calib 7.0, respectively, and the age-depth model was

established by applying a linear interpolation (Doberschütz et al.,

2013; Haberzettl et al., 2015). The sediment records reach back to

approximately 23.8 cal ka BP for Nam Co and 17.5 cal. ka BP for

Tangra Yumco. The mean time resolution of intervals between

bulk sediment samples is approximately 50 years, for intervals

between ostracod samples approximately 100 years.

3.4 Statistics

Statistical analysis were performed on datasets comprising

trace element (Mg/Ca, Sr/Ca, Ba/Ca, Mn/Ca, Fe/Ca, U/Ca), REEs

(LREE = sum of light REE/Ca: La, Ce, Pr, Nd, Sm, Eu); HREE =

sum of heavy REE/Ca: Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) and

stable isotope composition of ostracod shells (δ13CLsin, δ18OLsin).

Dissimilarity indices, detecting underlying ecological gradients

(Faith et al., 1987), were calculated for both datasets, followed by

constrained hierarchical clustering to establish a hierarchical

classification of the records (Grimm, 1987; Birks et al., 2012).

Constrained clustering is used to detect discontinuities within the

record and to identify homogeneous sections. A broken-stick

model was applied to test for number of significant groups within

the classification (Bennett, 1996). To allow statistical comparison

between Nam Co and Tangra Yumco records all data sets were

harmonized by simple linear interpolation and re-sampled in 50-

years intervals. The ordination method non-metric

Multidimensional Scaling (nMDS) was used on the original

and harmonized datasets to explore patterns of variation

within each data set. The applied distance measure was

Gower. Goodness of fit is given in the stress value. We chose

a 2-dimensional model, as no significant reduction in stress level

was observed with increasing dimension. In order to analyze the

similarity or dissimilarity between different records and to test

for the significance of any relationship found, Procrustes rotation

and associated PROTEST permutation test were applied to the

nMDS results. Procrustes rotation finds an optimal

superimposition that maximizes fit of different datasets

(Gower, 1971; Peres-Neto and Jackson, 2001). The ordinations

(nMDS) of both datasets are compared pair-wise and rotated or

re-scaled to find the optimal fit. Procrustes rotation was

performed on harmonized datasets. The effectiveness of the

rotation is elevated by the residual sum-of-squares and root

mean squared error (RMSE). Statistical significance is assessed

by the Procrustes permutation test (PROTEST), using a

correlation-like statistic derived from the symmetric

Procrustes sum of squares (m12) and associated p-value.

Statistical analysis was carried out using R-software (R Core

Team, 2015) and packages vegan and rioja (Juggins, 2015;

Oksanen et al., 2016).

4 Results

4.1 The Nam Co ostracod shell chemistry
record

Trace element ratios of ostracod shells from the whole Nam

Co composite profile range from 0.39–13.21 mmol/mol for Mg/

Ca, 0.6–20.3 mmol/mol for Sr/Ca, 0.04–0.38 mmol/mol for Ba,

0.09–6.47 mmol/mol for Mn/Ca, 0.04–4.82 mmol/mol for Fe/Ca,

and 0.008 μmol/mol—0.6 mmol/mol for U/Ca (Figure 2). As

expected, all REEs are positively correlated with each other

and sum of REEs (ΣREEs) ranges from 0.006–0.22 mmol/mol.

High elemental ratios are found in the lower part of the record

(19–16 cal. ka BP; Figure 2), except for Sr/Ca, which is biased by

aragonite precipitation, whereas the ΣREEs show lowest

concentrations of the whole record. Lower El/Ca ratios are

observed between 16 and 13 cal. ka BP, accompanied by a

slight increase in ΣREEs from 16 to 14.5 cal. ka BP, and a

peak in ΣREEs between 14.5 and 13 cal. ka BP. In addition,

enrichment in light REEs is observed, as the LREE/HREE

ratio increases. A strong increase in Sr/Ca and Ba/Ca ratios

occurs at 13 cal. ka BP, reaching values comparable to modern

ones at 12 cal. ka BP. After 10 cal. ka BP, observed elemental

ratios are low and most stable. A slight increase in elemental

ratios is observed at 3.8 cal ka BP accompanied by peaks in Fe/Ca

and LREE/HREE. During the last 2000 years the Mg/Ca, and

especially Sr/Ca and Ba/Ca ratios show again an increase, while

Mn/Ca and Fe/Ca ratios and REEs remain constant. The LREE/

HREE ratio decreases significantly. U/Ca values show increased

variability but are decreasing since 2 cal. ka BP.

Stable isotopes in ostracod shells range between -0.04 and

2.8‰ for δ13CLsin and between −8.7 and −2.1‰ for δ18OLsin

values (Figure 2), respectively. Both stable isotope values are high

in the lowest part of the record (18–11 cal. ka BP) with a shift to

more negative values at 13 cal. ka BP. After 11 cal. ka BP, δ13CLsin

and δ18OLsin values are strongly decreasing, reaching minima

around 9.5 cal ka BP. Thereafter, δ13CLsin values show a gradual

increase until 4 cal. ka BP, whereas δ18OLsin values remain low.

The last 2000 years are characterized by a rather sudden increase

in both δ13CLsin and δ18OLsin values followed by relatively stable

values.

4.2 The Tangra Yumco ostracod shell
chemistry and bulk carbonate stable
isotope record

In the Tangra Yumco record the ranges are 1.73–38.6 mmol/

mol for Mg/Ca, 0.37–14.35 mmol/mol for Sr/Ca,

0.03–0.51 mmol/mol for Ba/Ca, 0.18–11.37 mmol/mol for Mn/

Ca, 0.06–18.38 mmol/mol for Fe/Ca, and 0.06–16.93 mmol/mol

for U/Ca (Figure 3). REEs are positively correlated with each

other and ΣREEs ranges from –0.004–0.48 mmol/mol. In
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general, element concentrations and element variability are

higher in the Tangra Yumco record than in the Nam Co

record (e.g., 2.6-fold in Mg/Ca ratios), except for Sr/Ca. The

lowest part of the record (17.5–16 cal. ka BP) is characterized by

high elemental to calcium ratios with high variability and low

ΣREEs. At 16 cal. ka BP, a major shift seems to occur as ΣREEs
are increasing significantly and enrichment in LREEs is

observed. Other elemental ratios seem to decrease slightly or

remain stable. From 15.8 to 13.5 cal. ka BP the sedimentation

rate was very low (19 cm in 2300 years; (Henkel et al., 2016).

Thus, only a few ostracod samples cover this time span.

Nevertheless, at 13 cal. ka BP all El/Ca ratios reach maximum

concentrations and start to decrease afterwards. The highest

variability in elemental ratios is observed between 13 and

10 cal. ka BP. Low El/Ca ratios are observed at 12.3 cal. ka BP,

higher Sr/Ca and Ba/Ca ratios occur at 12 cal. ka BP. A second

slight increase in El/Ca ratios occurs from 11 to 10 cal. ka BP.

After 10 cal. ka BP, elemental ratios and LREE/HREE ratios

reach lowest values, except for Mn/Ca ratios, which show still

slightly increased values between 10 and 8 cal. ka BP. From 4.8 to

3.6 cal. ka BP, Mg/Ca, Ba/Ca and Mn/Ca ratios start to increase

slightly, ΣREEs and U/Ca ratios reach lowest values. A shift

towards very low El/Ca ratios occurs at 2.8 cal. ka BP, followed

by a general, mostly distinct increase, with the uppermost sample

showing highest values for all El/Ca ratios.

The isotope values of bulk sediment from TAN12-2 range

between 3.3 and 7‰ for δ13Cbulk values and −9 to 0.48‰ for

δ18Obulk values and show a general correlation. Most positive

δ13Cbulk and δ18Obulk values occur before 16 cal. ka BP. Until

13 cal. ka BP, δ18Obulk values are stable, whereas δ13Cbulk

increases slightly until 12 cal. ka BP. Most negative values of

both isotopes occur at 11.5 cal ka BP. Until 4.8 cal ka BP,

δ13Cbulk and δ18Obulk values increase constantly. From 4.8 to

0.8 cal ka BP, δ13Cbulk values are constant and δ18Obulk values

increase. The past 800 years are characterized by a decrease in

δ13Cbulk and δ18Obulk values.

FIGURE 2
Nam Co trace element, REE and stable isotope records of ostracod shells (δ18OLsin and δ13CLsin, Lsin = Leucocytherella sinensis) as well as bulk
isotopes (δ18Obulk, δ13Cbulk; Kasper et al., 2021) from core NC08/01. Authigenic carbonate mineralogy is shown on the left to indicate phases of
formation of aragonite (red cross), calcite (blue x), and monohydrocalcite (green diamond). Ostracod Mg/Ca, Sr/Ca, and Ba/Ca ratios represent lake
water salinity, ratios of Mn/Ca, Fe/Ca, and U/Ca reflect redox conditions and microbial activity. Rare earth elements (REEs) display weathering
intensity and provenance change, where ΣREEs is the sum of light REE/Ca ratios (LREE: La, Ce, Pr, Nd, Sm, Eu) and heavy REE/Ca ratios (HREE: Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu). Stable oxygen isotopes indicate changes in the precipitation to evaporation ratio (P/E) and meltwater input. Stable carbon
isotopes and ostracod accumulation rate reflect biological productivity. Very low ostracod accumulation rates are indicative of oxygen deficiency,
low carbonate contents or calcite dissolution. Dashed lines show levels of modern values from Börner et al. (2017). Solid black lines show 5-point
smoothed data.
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4.3 Clustering and similarities of
hydrological records from Nam Co and
Tangra Yumco

Constrained hierarchical clustering, separating homogeneous

zones, produced ten significant groups for both records, indicated

by dissimilarity scores and the broken-stickmodel. Cluster boundaries

for the Nam Co record (18.8–0 cal. ka BP) are: 15.6, 12.9, 12.2, 11.4,

8.9, 8.1, 3.6, 2, and 1 cal. ka BP. Cluster boundaries for the Tangra

Yumco record (17.4–0.3 cal. ka BP) are: 17.1, 16.3, 16.1, 13.1, 11.7,

10.4, 7.7, 4.8, and 1.7 cal. ka BP. The nMDS analyses show good fit

between fitted values and original distances, indicated by low stress

values (Table 2). NMDS scores of original data set (Figure 4A) and

harmonized data set (Figure 4B) agree very well. Procrustes rotation

results, indicating the similarity and dissimilarity between records, are

summarized in Table 2. Goodness of fit between datasets as well as

size of residuals are illustrated in Figure 4C. Good fit is indicated by

low residuals; weak fit is represented by high residuals. High residuals

are observed before 15.8, from 13.4–13, 12–11.1, and at 10.5 cal. ka

BP, indicating dissimilarity between both lake records. Significance of

Procrustes rotation, analyzed by PROTEST, is high (p< 0.01, Table 2).

5 Discussion

The most important proxies including REEs and trace

elements in ostracod shells, bulk isotopic data (δ18Obulk and

δ13Cbulk), and ostracod abundance are shown versus age in

Figure 2 (Nam Co) and Figure 3 (Tangra Yumco), respectively.

The hydrological history of both lakes is discussed highlighting the

main processes in the catchments resulting from changes in the

monsoonal influence, including weathering, groundwater inflow,

glacier melt, carbon burial, and important climatic periods.

5.1 Groundwater reactivation between
18.8 and 16.5 cal. ka BP

The oldest part of the Nam Co record is characterized by

exceptionally low LREE/HREE ratios (Figure 2). The ΣREEs are
clearly dominated by the heavy REE fraction during this period,

which is four times as high as LREEs. Soils around the lake all

show a LREE/HREE ratio above 1 for the present time (Li et al.,

2011); transport of weathered surface material would therefore

FIGURE 3
Tangra Yumco trace element and REE record of ostracod shells and stable isotopes of bulk sediment (δ18Obulk and δ13Cbulk) from core TAN12-2.
Authigenic carbonate mineralogy is shown on the left to indicate phases of formation of aragonite (red cross), calcite (blue x), and combination of
calcite and aragonite (purple diamond). Dashed lines show levels ofmodern values fromBörner et al. (2017). Solid black lines show 5-point smoothed
data. See caption of Figure 2 for more details.
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increase the LREE fraction more than the HREE fraction.

Therefore, we propose that permafrost occurred in the

catchment, that soils were frozen and the lake was covered by

ice, which prevented any weathered material from entering the

lake during this period. The source of high HREE concentrations

could possibly be explained by HREEs being introduced to the

lake by groundwater inflow. HREE enrichment patterns are

commonly observed in groundwater, because HREEs

preferably form strong dissolved complexes with organic

ligands, which facilitate the transport of HREEs into solution,

whereas LREEs are lost due to adsorption to Mn- and Fe-oxides

(Johannesson, 2005; Och et al., 2014).

In both records, the high Mg/Ca ratios in ostracod shells as

well as positive δ18Obulk values (Figures 2, 3) indicate high salinity

and dry conditions during this period related to a shallow lake

level. The very low Sr/Ca ratios are caused by aragonite

precipitation in the lake, as indicated by mineralogy.

Aragonite is formed under dry conditions, when lake levels

decrease and salinity increases, and the Mg concentrations in

lake waters reach a threshold. Aragonite is thermodynamically

unstable and tends to convert to calcite, except Sr is available as it

stabilizes the crystal structure (Wray and Daniels, 1957). When

aragonite is formed, it removes most bio-available strontium

from the water column, resulting in very low ostracod Sr/Ca

ratios. The relatively low Ba/Ca ratios may also be attributed to

aragonite precipitation, as Ba2+ adsorption is stronger in

aragonite than calcite (Tunusoglu et al., 2007), but to which

extent Ba incorporation into ostracod calcite is affected by

aragonite is still unclear. Thus, we advise caution when

interpreting the Ba/Ca signal during phases of aragonite

formation. High concentrations of U/Ca and Mn/Ca ratios

mirror oxygen deficiency on the lake bottom (Börner et al.,

2017), which results from microbial activity decomposing

organic material and from hindered CO2 exchange with the

atmosphere, which may point to prolonged ice-coverage of

the lake.

In summary, Nam Co and Tangra Yumco were probably

shallow lakes with suboxic conditions in the bottom water and

prolonged ice coverage. These suboxic conditions could have

been caused by longer ice cover and/or thermohaline

stratification of the water body. These observations are

supported by the highest δ18Obulk values (Kasper et al., 2021).

Stable oxygen isotopes in closed lakes are mainly influenced by

the isotopic signature of precipitation and inflowing water, which

are affected by temperature and continental effects, as well as

evaporative enrichment (Last and Smol, 2001). In the lake water a

decrease in the P/E ratio would result in increasing δ18O values as

H2
16O evaporates faster than H2

18O. In addition, increasing water

temperatures result in decreasing δ18O values of the lake water

(Craig, 1965). Thus, positive δ18O values reflect cold and dry

conditions. Cold and arid conditions during this period were

reported for many lakes on the Tibetan Plateau (Herzschuh,

2006; Günther et al., 2015), and are attributed to a weak ISM

(Sirocko et al., 1993).

5.2 Increased weathering between
16.5–14 cal. ka BP

An initial increase in weathering in both records can be

observed after 16.5 cal. ka BP, when the concentration in LREEs

slowly starts to rise (Figures 2, 3). Increasing LREEs may be

attributed to weathered material entering the lake due to a

reduction in ice coverage, and the thawing of land surfaces,

resulting in increased susceptibility to erosion, supporting

previous findings by Kasper et al. (2015). The LREE/HREE

ratio shows enrichment in LREEs, while HREE concentrations

are decreasing significantly in Nam Co, suggesting increased

influx of weathered material into the lake. The prominent

negative shift in trace-element to calcium ratios in Nam Co

sediments is indicative for decreasing salinity, reflecting an

increased water supply, and permanently oxygenated

conditions. The δ18Obulk values show a strong negative shift,

indicating a decrease in salinity and thus moister conditions.

Furthermore, the mineralogy changed from aragonite

precipitation to calcite precipitation, which is reflected in the

increasing Sr/Ca ratios. Conditions became moister due to

summer monsoon strengthening and increased precipitation.

TABLE 2 Non-metric multidimensional scaling (NMDS) stress scores, Procrustes rotation and PROTEST diagnostics to show statistical comparison
between the Nam Co and Tangra Yumco records.

Data set nMDS stress
score (%)

Procrustes rotation
sum of squares

RMSE PROTEST (m12) p value

(1) Nam Co record (original data) 12

(2) Tangra Yumco record (original data) 7

(3) Nam Co record (50-yr intervals) 10 4.398 0.11 0.91 0.0001

(4) Tangra Yumco record (50-yr intervals) 6

NMDS scores are shown for the original datasets of Nam Co and Tangra Yumco (1 + 2), covering 18.9–0 cal. ka BP and 17.4–0.3 cal. ka BP, respectively, as well as for the harmonized

(simple linear interpolation) data matrices in 50-years intervals (3 + 4), covering 17.4–0.3 cal. ka BP. Applied distance measure was Gower. Procrustes rotation and PROTEST were

performed on harmonized datasets.
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In addition, glacier melt and probably permafrost thawing

possibly increased the freshwater and terrigenous input.

In Tangra Yumco, the low resolution of the ostracod trace

element record between 16 and 14 cal. ka BP may have missed

significant change during this period, as element to calcium ratios

do not show much variation. Nevertheless, an increased water

input is displayed by δ18Obulk and δ13Cbulk values, which both

decrease rapidly. Increased moisture availability by an initial

monsoonal intensification at 16 cal. ka BP was also reported by

Ahlborn et al. (2016b).

5.3 Intensified glacial meltwater inflow to
Nam Co between 14 and 13 cal. ka BP

The increase in REEs and the distinct positive shift in the

LREE/HREE ratio during this period is caused by a significant

enrichment in the LREE fraction entering the lake. Li C. et al.

(2008) showed significant enrichment in LREEs over HREEs in

rivers and soils around Nam Co, but the southern banks had 2- to

3-fold higher REE concentrations and LREE/HREE ratios up to

5, whereas the soils in the north show LREE/HREE ratios below

3. Accordingly, a strong increase in LREE/HREE ratios at Nam

Co would suggest an increased inflow from the south, hence from

the Nyainqêngtanglha mountain range, mainly caused by glacier

melt. A strong freshwater pulse is also suggested by the δ13Cbulk

and δ18Obulk values (Kasper et al., 2021), as they display strong

concomitant shifts to more negative values (Figure 2). Thus,

REEs in ostracod shells enable us to assign this freshwater pulse

to meltwater inflow, specifying the interpretation of the stable

isotope record. Ostracod abundance increased during this period

attesting better ecological conditions than before, probably

higher bio-productivity caused by a warming climate.

5.4 Alternating wet and dry phases
between 13 and 9 cal. ka BP

An increase in salinity after 13 cal. ka BP is reflected by

increasing Mg/Ca, Sr/Ca, and Ba/Ca ratios as well as δ18OLsin

values (Figure 2). Salinity was higher relative to present-day

values, and the lake level decreased. Redox sensitive El/Ca ratios

increase during the first half of this period and δ13Cbulk values

become more positive, suggesting an increased primary

productivity within the lake which resulted in oxygen

depletion caused by microbial activity during decomposition

of organic matter. Ice coverage of the shallow lake during the

colder seasons was certainly longer than today causing restricted

exchange with the atmosphere. The following decrease of Mn/Ca,

Fe/Ca, and U/Ca ratios (Figure 2) was probably caused by

increased oxygen supply at the lake bottom due to the low

lake level allowing lake mixing to reach deeper areas. The

high ostracod abundance also suggests high biological

productivity as well as oxygenated conditions in a well-mixed

lake. The REEs show an overall decrease, in both the light and the

heavy fraction, resulting in relatively stable LREE/HREE ratios

(Figure 2). The decrease in ΣREEs also supports a reduced water

supply during this period. Thus, we conclude that dry conditions

prevailed from 13 ka to 11.5 cal. ka BP. Our findings are

supported by a strong positive shift in both δ18Obulk and

FIGURE 4
NMDS (non-metric multidimensional scaling) scores of (A)
original and (B) harmonized datasets and (C) Procrustes rotation
residuals for Nam Co and Tangra Yumco records. NMDS display
patterns of variation within each record. The amplitude of
Procrustes residuals reflects the degree of similarity/dissimilarity
between the Nam Co and the Tangra Yumco record. Solid
horizontal line shows mean deviation between records, dashed
horizontal lines show the first and third quartile. Dissimilarity
between both records is observed for the periods 17.4–15.8,
13.4–13, 12–11.1, 10.5, and 1.1–0.3 cal. ka BP.
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δ13Cbulk values (Kasper et al., 2021), indicating generally cold and

dry conditions.

After 11.5 cal. ka BP, salinity decreased again, displayed as a

decrease in Mg/Ca, Sr/Ca, Ba/Ca ratios, and δ18OLsin values, and

total REEs rise without change in LREE/HREE ratios (Figure 2).

Decreasing El/Ca ratios suggest an increase in precipitation at

Nam Co, resulting in stronger weathering of soils in the whole

catchment. Thus LREE/HREE ratios display no trend. This

interpretation supports local inflow and erosion events as

suggested by Kasper et al. (2015). Increased moisture supply is

also proposed by the concomitant negative trend of δ13Cbulk
and δ18Obulk values (Kasper et al., 2021), reaching lowest values
at around 9.8 cal. ka BP. Ratios of U/Ca, Mn/Ca and Fe/Ca

decrease further during this period and indicate a better

supply of oxygen to the lake bottom.

The Tangra Yumco record shows more variability during this

period, compared to the Nam Co record (Figure 3). Salinity-

dependent trace elements, redox sensitive elements as well as

REEs show a strong drop at the beginning of this period,

indicative of increased moisture supply and rising lake levels.

The increase in REE concentrations and, especially, the distinct

positive peak in the light REE fraction at 11.8 cal. ka BP indicate

increased weathering of the catchment. In addition, we observe

an increase in δ13Cbulk and δ18Obulk values, suggesting higher

evaporation and a shift to drier conditions. Therefore, the

increased weathering may be attributed to increased physical

weathering caused by intensified winds. At 11.5 cal. ka BP,

δ13Cbulk and δ18Obulk values show a distinct negative shift

associated with a decrease in ΣREEs and its light fraction,

indicating a freshwater pulse, probably due to inflow of glacial

meltwater. In addition, formation of aragonite resulted in very

low Sr/Ca and Ba/Ca ratios.

5.5 Carbon burial in deep lakes during the
Holocene moisture maximum between
9 and 2.6 cal. ka BP

Between 9 and 3.8 cal. ka BP salinity-indicating trace

elements display low concentrations (Figures 2, 3) and thus

low salinity, suggesting humid conditions and high lake levels.

Variation inMg/Ca, Ba/Ca, and Sr/Ca ratios is only minor during

this period; thus, we can assume that the lake volume was

sufficiently large to buffer minor climatic fluctuations. In

Tangra Yumco, Sr/Ca ratios are very low (Figure 3), reflecting

aragonite precipitation in the lake, which predominantly occurs

under warm and wet conditions in high Mg/Ca waters. The low

ostracod abundance indicates a deep profundal habitat.

Productivity is high, suggested by low δ13CLsin values in Nam

Co (Figure 2) as well as by the higher δ13Cbulk values in both lakes

(Figures 2, 3; Kasper et al., 2021). During phases of high primary

productivity 12C is removed from the water, resulting in higher

δ13Cbulk values. Consequently, high amounts of organic matter

accumulate on the lake bottom. The decomposition of organic

matter releases preferentially 12C, which can be incorporated into

the ostracod calcite, resulting in a decrease in δ13C values of

ostracod shells (Leng and Marshall, 2004; Schwalb et al., 2013).

The significant decrease in REEs to very low values, while

proportions in LREE and HREE remain constant, indicates an

accumulation of organic material. In lake waters, REEs have a

strong affinity to organic materials, ferromanganese oxides and

carbonates, which effectively remove REEs from the water by

adsorption or complexation (Johannesson and Lyons, 1994).

Accordingly, very low ΣREE concentrations reflect

accumulation of organic matter due to high primary

productivity and an increased formation of authigenic

precipitates (Johannesson, 2005; Tang and Johannesson,

2005). This interpretation is in agreement with high δ13Obulk

and TOC values in bulk sediment, and low C/N ratios

(Doberschütz et al., 2013; Kasper et al., 2021), also suggesting

enhanced biogenic productivity and carbon burial.

The low U/Ca, Mn/Ca, and Fe/Ca ratios reflect well

oxygenated bottom waters and low microbial activity at the

beginning of this period, but increasing U/Ca and low Fe/Ca

ratios after 8 cal. ka BP (Figures 2, 3) reflect the occurrence of

oxygen deficiency at the lake bottom related to an increase in

microbial activity. The slow but constant increase in δ18OLsin

values can be attributed to enhanced evaporation. The decrease

in ΣREEs supports the idea of reduced inflow. This inference is

supported by the slow increase in Mg/Ca ratios during the mid-

Holocene indicating less moisture supply and decreasing lake

levels. The slightly increasing but fluctuating Ba/Ca ratios in

Tangra Yumco are likely an effect of the aragonite precipitation

in the lake. However, the extent of the effect of aragonite

precipitation on Ba incorporation into ostracod calcite is

unknown.

5.6 Decreasing ISM intensity after
2.6 cal. ka BP

A distinct shift in moisture occurs at 2.6 cal. ka BP in Tangra

Yumco and at 2 cal. ka BP in Nam Co, when trace elements in

ostracods suggest increasing salinity, caused by an increase in

evaporation and decrease in water supply. This increase in

salinity is reflected by a strong increase in Mg/Ca, Ba/Ca

(Figures 2, 3), and Sr/Ca ratios and δ18OLsin values (Figure 2).

However, the prominent increase in Sr/Ca and Ba/Ca ratios to

values significantly higher than modern-day values, cannot be

explained by evaporative enrichment alone. In Nam Co, this shift

is associated with a shift in carbonate mineral formation in the

lake (Kasper et al., 2013). From 2 cal. ka BP to the present, MHC

is the primarily formed carbonate in Nam Co. MHC is formed in

high Mg/Ca, low temperature waters under dry conditions (Han

et al., 2020). The precipitation of MHC affects the chemical

composition of the remaining lake water by causing enrichment
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in Sr and Ba. It is still unclear to which extent MHC may affect

particularly Sr and Ba in solution, and if other elements are also

affected. A study by Li et al. (2012) did not find any effect of

MHC precipitation on the Mg/Ca ratio of the lake water, but a

significant effect on the oxygen isotopic composition.

Compared to calcite, MHC seems to preferentially

incorporate 18O, resulting in lower δ18Obulk values. This

carbonate ion effect on oxygen isotope ratios was also

reported by Devriendt et al. (2017) for high pH and high

salinity waters. This effect might explain the slight negative

shift in δ18Obulk values (Kasper et al., 2021), which is

independent from trends of other salinity proxies (Figure 2).

It may reflect the combined effect of an increase in temperature,

a negative P/E balance and MHC precipitation. Temperature is

not captured in the ostracod trace element signatures, as

temperature variations on the lake floor, especially in deep

lakes, remain relatively low throughout the year.

In Nam Co, the strong initial decrease in LREE/HREE ratio

shows a much stronger decrease in LREEs, compared to HREEs,

suggesting continued groundwater inflow containing HREE-

organic complexes (Och et al., 2014). Nevertheless, ΣREE
concentrations and especially the LREE fraction show

enrichment in both lakes. As salinity-indicating trace elements

suggest a drier climate during this period, an increase in

weathering in the catchment is unlikely. Therefore, the

increase in LREEs could be associated with the reductive

dissolution of Fe-Mn-oxides, on which LREEs preferentially

adsorb (Och et al., 2014). This suggested process agrees with

the observed increase in Mn/Ca, Fe/Ca, and U/Ca ratios,

indicating amplified oxygen consumption by microbial

activity, which leads to oxygen deficiency at the lake floor.

Accumulation of organic matter as a result of increased lake

productivity is also displayed in the high ostracod abundance.

The initial increase in δ13CLsin values followed by a trend to more

negative values is also indicative for decomposition of organic

matter, releasing 12C.

A shift to wetter conditions since 300 cal. a BP is displayed in

the bulk isotope data in the upper part of the Tangra Yumco

record. Both isotope values show a negative trend, which can be

related to an increase in precipitation intensity. This

interpretation is supported by Alivernini et al. (2018)

reporting a decrease in conductivity as suggested by the

application of the ostracod-based conductivity transfer

function. Ostracod abundance is high, indicating high primary

productivity in the lake, although the so far dominant species L.

sinensis disappears (Alivernini et al., 2018). As this change to

moist conditions is only visible in the Tangra Yumco record, it

might have been caused by an intensification in Westerly

precipitation, probably because Westerlies could protrude after

the ISM had retracted. Nevertheless, a lake level increase was also

reported for Nam Co in recent decades, but was primarily linked

to glacier melting due to the current warming (Anslan et al.,

2020).

5.7 Regional synchroneity or
asynchroneity of hydrological changes?

The response of lakes Nam Co and Tangra Yumco to changing

climate conditions shows high similarity. Procrustes test was carried

out in order to verify this visual expression and confirmed that most

climatic events captured in the records occurred simultaneously.

Procrustes rotation revealed a generally good fit between both

records (Table 2; Figure 4). Procrustes residuals allow

identification of time periods exhibiting differences in lake

system response to environmental change. Highest Procrustes

residuals, reflecting degree of dissimilarity between both records,

occur in the periods 18–15.8, 13.4–13, and 12–11.1 cal. ka BP.

During the Holocene, significant dissimilarities only occur at

10.5 cal. ka BP and after 1.1 cal ka BP. The observed

dissimilarities are mainly attributed to differences in the

magnitude of change. The total variation over the last

18,000 years is much higher for Tangra Yumco. For example,

total variance in Mg/Ca ratios is three times higher than in Nam

Co, but this may be attributed to the generally higher salinity of the

lake water due to evaporative enrichment over long time scales.

Additionally, the lake water volume of Nam Co is considerably

higher compared to Tangra Yumco, therefore NamCo reacts slower

to climatic changes. In contrast, the observed shifts are more

pronounced in the Nam Co record reacting more sensitive.

Furthermore, the REE composition in both lakes is completely

different during the late glacial, which also results in high

Procrustes residuals. Nevertheless, both records show high

similarity in amplitude and timing of hydrological changes, while

during the Holocene, the changes are more gradual.

Themajor climatic events are best captured in the ostracods REE,

Mg/Ca, Mn/Ca, and U/Ca records of both lakes and are consistent

with observations from other monsoonal records (Figure 5). We

identified two major phases of dry conditions at 18–16 cal. ka BP,

coinciding with the “Heinrich 1 event” in the North Atlantic region

(GS-2, 16.8 ka; Hemming, 2004; Figure 5), and 13–11.5 cal. ka BP,

coinciding with the Younger Dryas chronozone (GS-1; Björck et al.,

1998; Figure 5). Both events are also clearly displayed in records from

the ISM source area Bay of Bengal (Contreras-Rosales et al., 2014),

the Arabian Sea (Sirocko et al., 1993), and the East Asian monsoon

(EASM) region (Wang et al., 2001; Yuan et al., 2004). The first

significant transition to moist conditions is observed at 16.5 cal. ka

BP in theNamCo record. During theGreenland Interstadial 1 (GI-1)

many records identified a strong increase in moisture driven by an

intensification of the ISM coinciding with a phase of deglaciation

(Sirocko et al., 1993; Contreras-Rosales et al., 2014). A freshwater

pulse is observed after 14 ka cal. BP in theNamCo record inferred by

concomitant distinctive negative shifts in both the carbon and oxygen

bulk isotopes (Kasper et al., 2021). REEs suggest that glacier melt and

probably permafrost thawing increased the freshwater input during

this phase. The period is less pronounced in the Tangra Yumco

record due to a low sample resolution, as ostracod abundance was

very low during this period. Nevertheless, many studies from the
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region inferred a first substantial increase in Asian monsoon

precipitation during this period (Figure 5).

The second strengthening of the monsoon occurred at

11.5 cal. ka BP, marking the onset of the Holocene. During the

early Holocene, monsoonal precipitation reached its northernmost

position, and its influence was even observed in Kesang Cave on the

northwestern Tibetan Plateau (Cheng et al., 2012). A strong ISM

during the early to mid-Holocene (10.5–6 cal. ka BP) was reported

for the Bay of Bengal and Arabian Sea (Sirocko et al., 1993;

Contreras-Rosales et al., 2014) and, with some delay, at

8–4 cal. ka BP maximum monsoon strength occurred in the

EASM region (Wang et al., 2001; Yuan et al., 2004). The

observed strengthening in monsoonal activity at 11.5 cal ka BP,

which has a pronounced effect on precipitation, coincides with the

Holocene maximum solar summer insolation at 30°N (Berger and

Loutre, 1991) Figure 5). Solar insolation is associated with a

temperature increase and an enhanced land-sea pressure

gradient, resulting in stronger monsoonal winds delivering more

precipitation to the Tibetan Plateau.

The late Holocene is characterized by a decrease in water supply

resulting from decreasingmonsoon strength. The effect of weakening

monsoon intensity during the late Holocene seems to have appeared

first at Tangra Yumco and approximately 600 years later in the Nam

Co area, suggesting a retreat of the ISM with an estimated velocity of

approximately 600m per year. At Tangra Yumco, there is a trend to

wetter conditions and lake level increase since the Little Ice Age. This

moisture increase possibly results from an intensified westerly

precipitation. We hence propose a southeastward shift of the

ISM-Westerly boundary since 2.6 cal. ka BP. This shift was also

observed in Kesang Cave in the northwestern part of the Tibetan

Plateau at 3 cal. ka BP. Cheng et al. (2012) suggested a possible shift in

seasonality from wet summers to wet winters, thus indicating a

weakening in ISM strength and strengthening of the Westerlies,

supporting a southeastward shift of the ISM-Westerly boundary.

FIGURE 5
Moisture changes on the southern Tibetan Plateau based on Mg/Ca ratios of Leucocytherella sinensis shells from Nam Co and Tangra Yumco
compared to Indian summer monsoon records from the Bay of Bengal (Contreras-Rosales et al., 2014) and Arabian Sea (Sirocko et al., 1993), East
Asian monsoon records from Dongge and Hulu Cave stalagmites (Wang et al., 2001; Yuan et al., 2004), Westerlies record from Kesang Cave
stalagmites (Cheng et al., 2012), as well as 30°N summer insolation showing orbital forcing (Berger and Loutre, 1991), the North Atlantic signal
from the GISP2 δ18O record (Grootes and Stuiver, 1997). Solid black lines show 5-point smoothed data. The GISP2 record shows major climatic
events in Greenland: Greenland Stadial 2 (GS-2, “Heinrich 1 event”), Greenland Stadial 1 (GS-1, Younger Dryas chronozone) and Greenland
Interstadial 1 (GI-1, Bølling/Allerød).
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6 Conclusion

This study evaluated the potential of REEs as innovative

ostracod shell chemistry proxies from two deep lakes to track

climatic changes affecting the southern Tibetan Plateau. REEs

in ostracod calcite clearly reflect weathering in the catchment.

Increased total REE concentrations occur during phases of

enhanced erosion due to increased precipitation intensity or

strengthened winds. Furthermore, an increase in LREE/HREE

ratio indicates a strong weathering effect, as LREEs are

preferentially accumulated in weakly weathered soils. Based

on the REE distribution in Nam Co catchment soils, an

elevated input of weathered material from the southern

Nyainqêngtanglha mountain range was identified,

indicating increased run-off from glacier melt. High

proportions of HREEs are indicative for groundwater

inflow to the lake. REEs are therefore a new valuable tool

to indicate changes in the sources of lake waters through time.

The well-established trace elemental ratio proxies Mg/Ca, Ba/

Ca, Sr/Ca, and the δ18O values are confirmed as valuable proxies for

salinity, reflecting moisture availability. In addition, the

asynchronous behavior of Mg/Ca, Sr/Ca, and Ba/Ca ratios are

probably related to changes in carbonate minerals forming in the

lake. During phases of aragonite precipitation, indicating high-Mg

and high-Sr waters during dry conditions, the ostracod Sr/Ca ratios

are near to zero and show no variability, whereas both Mg/Ca and

Ba/Ca ratios fluctuate concomitantly but with different amplitudes.

A strong increase of Sr/Ca and Ba/Ca ratios, relative toMg/Ca ratios,

reflects MHC precipitation, indicating high-Mg low-temperature

waters and dry conditions. Synchronous behavior of Mg/Ca, Sr/Ca,

and Ba/Ca ratios reflects calcite precipitation, thus indicating low-

Mg waters and warm and moist conditions. Mn/Ca, Fe/Ca, and U/

Ca ratios reflect changes in oxygen saturation based on changes in

lake level and microbial activity.

Trace element and REE ratios in ostracod shells track the

hydrochemical history of a lake, including oxygen supply and

microbial activity in the lake, as well as weathering in the

catchment. They provide high-resolution records because a single

shell from one stratigraphic horizon is sufficient for analysis of trace

elements and REEs, whereas stable isotope analysis requires at least

15 shells of L. sinensis, the most common, lightweight (~7 µg shell

weight) ostracod species in lakes of the southern Tibetan Plateau.

Therefore, stable isotope records often only provide low-resolution

information when ostracod abundances are low.

The observed late glacial and Holocene moisture evolution

is evident for many lakes on the Tibetan Plateau. On the

southern Tibetan Plateau, it is mainly controlled by the

interplay between the ISM and the Westerlies, representing

the dominating air masses. The Last Glacial Maximum is

dominated by dry and cold conditions. A significant

transition to wetter conditions and rising lake levels is

indicated around 16 cal. ka BP, suggesting a first

strengthening of summer monsoon precipitation. The GI 1 is

characterized by increased meltwater input, followed by arid

conditions during the Younger Dryas. The early Holocene is

marked by increasing precipitation, representing the wettest

period within our records. Lake levels reached a postglacial

maximum, lakes started to stratify and productivity increased.

The mid and late Holocene shows a general trend of decreasing

humidity. A distinct shift to dry conditions occurred 2.6 cal. ka BP in

Tangra Yumco and 2 cal. ka BP in Nam Co, resulting in rapidly

decreasing lake levels, caused by reducedmonsoon intensity due to a

southeastward migration of the ISM-Westerly boundary with an

estimated velocity of approximately 600 m per year.

We conclude that the response of Nam Co and Tangra Yumco

to climate change and especially monsoon intensity was in-phase

during most of the late Quaternary. Moisture supply was mainly

controlled by the ISM, and Westerly precipitation became more

important during the past 300 years at Tangra Yumco.
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The Ediacaran–Cambrian period witnessed episodic extinctions, oxygenation

of seawaters, Cambrian explosions, and tectonic events. However, compared

with the various high-resolution geochemical records of the early–middle

Ediacaran and Cambrian, the available geochemical record of the latest

Ediacaran (551–542 Ma) is scarce (especially the strontium isotope and

elements), which leads to the ambiguous interpretation of the

paleoenvironment of the latest Ediacaran. Therefore, we conducted

measurements of strontium isotopes and elemental content of a continuous

series of carbonate samples from the Dengying Formation of Well PT1, located

in the Sichuan Basin, southeastern Tibetan Plateau, in order to constrain the

paleoenvironment of the latest Ediacaran. Strict sample screening was used to

ensure that the isotopes and elements were not affected by diagenesis. Our

analyses show that the environment and geochemical records of the seawater

were controlled by tectonic activities, especially the Gondwana assembly. The

global strontium isotope correlation indicates that the Sichuan Basin was a

restricted basin (high 87Sr/86Sr values, ~0.7090), which can be attributed to the

existence of a submarine high. Under the background of oxic environment,

there were two episodes of anoxic expansion. During the initial stage, the stable

terrigenous detrital input and oxic environment provided the prerequisite for

the emergence of aerobic organisms in the restricted platform. Then, the

decreasing sea level and intense tectonic activities improved the terrigenous

detrital input with higher 87Sr/86Sr values (~0.7095), which stimulated the

emergence of aerobic organisms, further resulting in the first episode of

anoxic environment. Lastly, a global transgressive resulted in a high sea level,

and thus, the Sichuan Basin changed to an open platform. The exchange with
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extensive oceans led to the increased paleoproductivity, which consumed

oxygen and nutrients, further resulting in the second episode of anoxic

environment. Thus, the restriction degree, eustatic variations, and the

terrigenous detrital input affected the biological evolution and redox

conditions.

KEYWORDS

strontium isotope, elements, paleoenvironment, Ediacaran Dengying Formation,
Sichuan Basin

Introduction

The earth has witnessed dramatic diversification of species,

episodic oxygenation of the atmosphere–ocean system,

extinctions, continental rearrangement, and break-up of the

supercontinent Rodinia during the Ediacaran–Cambrian (Fike

et al., 2006; Schiffbauer et al., 2014; Schiffbauer, 2016; Krause

et al., 2018; Zhang et al., 2018; Li et al., 2020). These geological

and biological events have been recorded by geochemical

signatures (Veizer et al., 1999; Anbar et al., 2007; Hardisty

et al., 2017; Zhang et al., 2018; Chang et al., 2019), especially

the stable carbon isotope (δ13C) and strontium isotopes (87Sr/
86Sr) (Zhu et al., 2006; Zhu et al., 2007b; Derry, 2010). There are

several prominent carbon isotope excursions during the

Ediacaran–early Cambrian (Zhu et al., 2006; Zhu et al.,

2007b). By contrast, there is no significant variation in the

δ13C record during the end Ediacaran (551–542 Ma) (Zhu

et al., 2007b).

During the latest Ediacaran (551–542 Ma), the δ13C values

remain stable without apparent excursions, and thus, the

sedimentary environment of the coeval seawater has been

ignored by previous studies (Zhao et al., 2009; Wei et al.,

2019). Actually, although the δ13C curve of the latest

Ediacaran indicates that there may be no predominant

geological and biological events (Zhu et al., 2007b), this

interval is the connection between the Neoproterozoic

Oxygenation Event (NOE) and episodic Cambrian explosions

(Chen et al., 2015; Zhang et al., 2018), which indicates the

importance of this interval. Previous studies have shown that

the characteristics of the seawater during the latest Ediacaran are

still ambiguous (Zhang et al., 2018). Although the Ediacaran may

represent the transition period when the redox condition

changed from anoxic to oxic state (Sperling et al., 2015;

Wood et al., 2015), the degree of oxidation and its

contribution to biological diversification are uncertain (Fike

et al., 2006; McFadden et al., 2008; Zhang et al., 2018).

Additionally, some studies have shown that the Ediacaran

seawater was the “aragonite seawater” with Mg/Ca values over

2 (Hardie, 1996, Hardie, 2003), while others proposed that the

characteristics of the Ediacaran seawater may provide the

precipitation condition for dolomite, indicating an

“aragonite–dolomite seawater” (Hood et al., 2011; van

Smeerdijk Hood and Wallace, 2012). Therefore, the

sedimentary paleoenvironment of the latest Ediacaran

(551–542 Ma) needs to be further restricted.

Geochemical records of chemical sedimentary rocks,

especially carbonates, have been widely used in reconstructing

the sedimentary paleoenvironment of the coeval seawater

(Brasier et al., 1994; Maloof et al., 2010; Schiffbauer et al.,

2017; Dodd et al., 2021). Although some burgeoning proxies,

such as clumped-isotope (Goldberg et al., 2021), iodine (Hardisty

et al., 2014), and nitrogen isotope (Chang et al., 2019), can

provide more paleoenvironment information of the

atmosphere–ocean system, there are still uncertainties and

multiple solutions in the application of these proxies (Anbar

et al., 2007; Hardisty et al., 2020). In this case, elements, stable

carbon isotopes (δ13C), and radiogenic strontium (87Sr/86Sr) are

still the most basic and reliable proxies for exploring the

paleoenvironment (Derry et al., 1994; Veizer et al., 1999; Zhu

et al., 2007b; Schiffbauer et al., 2017). There are many high-

resolution δ13C records in the latest Ediacaran globally, while the

high-resolution records of elements and 87Sr/86Sr are absent

(Halverson et al., 2007; Sawaki et al., 2010b; Zhang et al.,

2020; Guacaneme et al., 2021). The time of Sr residence in the

seawater (~2.4 Ma) (Jones and Jenkyns, 2001) is much higher

than that of the mixing of seawater (105 years) (Jacobsen and

Kaufman, 1999), leading to the global homogeneity of strontium

isotope composition (Paula-Santos et al., 2015). Thus, the

difference of 87Sr/86Sr values among several regions can help

analyzing the relative contribution of the global and local

paleoenvironment to geochemical records (Guacaneme et al.,

2021). However, as 87Sr/86Sr values of carbonates are susceptible

to the diagenesis, altered samples should be excluded (Marshall,

1992; Derry et al., 1994). Elements and their ratios not only can

reflect the paleoenvironmental fluctuations (Riquier et al., 2006;

Tribovillard et al., 2006; Algeo and Rowe, 2012; Algeo and Liu,

2020) but also can be used for determining the diagenesis

(Kaufman et al., 1991; Derry, 2010). Therefore, records of
87Sr/86Sr and elements are suitable for further restricting the

sedimentary environment during the latest Ediacaran

(~551–542 Ma).

The Ediacaran strata is widely distributed in the Sichuan

Basin, southeastern Tibetan Plateau, which is a suitable target for

exploring the Ediacaran paleoenvironment (Yang et al., 2017;

Hou et al., 2021; Wang et al., 2021). Therefore, we sampled Well

PT1 in the Sichuan Basin in order to restrict the
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paleoenvironment represented by the Ediacaran Dengying

Formation. Our specific objectives were: 1) to provide the first

set of high-resolution records of 87Sr/86Sr and elements for the

latest Ediacaran (~551–542 Ma) and 2) to determine the

paleoenvironmental significance of these geochemical proxies.

Geological setting

The Sichuan Basin, located in the southeastern margin of the

plateau, is controlled by the fracturing of the peripheral block and

tectonic movement of the basement (Li et al., 2019b; Liu et al.,

2021) (Figure 1A). During the Neoproterozoic period, the

Sichuan Basin belonged to the Yangtze platform (Meyer et al.,

2014; Cui et al., 2016), which developed over a rifted continental

margin that initiated along the southeastern side of the Yangtze

block at ~800 Ma (Condon et al., 2005; Zhang et al., 2005; Li et al.,

2019b; Liu et al., 2021). In the study area, the Neoproterozoic

succession can be divided into three intervals: preglacial

siliciclastic rocks, two Cryogenian glacial diamictite intervals,

and postglacial Ediacaran marine carbonates and shales (Zhu

et al., 2007a; Jiang et al., 2007). Furthermore, the Ediacaran

marine carbonates and shales can be divided into the

Duoshantuo Formation and Dengying Formation, respectively.

The age of boundary between the Duoshantuo Formation and

Dengying Formation (Zhu et al., 2007a; Jiang et al., 2007) and the

Dengying Formation and its overlying Cambrian formations is

551.1 ± 0.7 Ma and ~542 Ma, respectively (Zhang et al., 1998;

Jenkins et al., 2002; Condon et al., 2005; Zhang et al., 2005). The

Sichuan Basin evolved to an epicontinental clastic tidal flat, to a

confined platform, and then to an open platform with a gentle

slope from west to east (Meyer et al., 2014; Zhang et al., 2018).

According to the paleogeographic map, although the Sichuan

Basin was a carbonate platform, the sedimentary environment

was variable, including lagoonal facies, restricted platform, and

tidal flat (Figure 1B) (Li et al., 2013b).

After the pre-Ediacaran geosyncline of the Jinning Movement

and the Chengjiang Movement, the Yangtze quasi-platform began

to consolidate, indicating that the block had entered the stage of

platform development (Li et al., 2019b; Liu et al., 2021). The

Sichuan Basin received extensive and relatively thick carbonates

deposition represented by the Dengying Formation (Gao et al.,

2016; Liu et al., 2021), and subsequently, the Tongwan Movement

caused extensive uplift in the Sichuan Basin represented by the late

Dengying Formation (Liu et al., 2021). Based on the lithology, the

Dengying Formation is generally subdivided into four members:

the first, second, third, and fourth member of the Dengying

Formation (Deng–1, Deng–2, Deng–3, and

Deng–4 Formations) from the bottom to the top (Zheng et al.,

2021). The top of the Deng–2 Formation was subjected to a short

period of weathering and denudation due to the first episode of the

Tongwan Movement, leading to an unconformable contact

between the Deng–2 and Deng–3 formations. Additionally, the

second episode of the Tongwan Movement caused the overall

uplift of the upper Yangtze platform, which resulted in the

denudation of the Deng–4 Formation, further leading to an

unconformable contact between the Deng–4 Formation and

Cambrian strata (Qian et al., 2011; Hou et al., 2021).

Specifically, the lithology of the Deng–1 Formation is mainly

dolomite without fungus and algae, that of the

FIGURE 1
(A) Paleogeographicmap of the Yangtze Block showing the location of the Sichuan Basin andWell PT1 [modified after Zhang et al. (2018), Meyer
et al. (2014); Cui et al. (2016)]. (B) Paleogeographic evolution of the Sichuan Basin during the latest Ediacaran (551–542 Ma) (modified after Li et al.
(2013), and the profile position is shown in Figure 1A).
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Deng–2 Formation is algae-rich dolomite with snowflake-shaped

structures and microorganisms with no snowflake-shaped

structures, that of the Deng–3 Formation is mainly mudstone

and classics, and that of the Deng–4 Formation is mainly algal

dolomite and grey–black dolomitic mudstone (Qian et al., 2011;

Hou et al., 2021).

Samples, experiments, and data
presentation

Samples

A total of 118 carbonate samples of the Ediacaran Dengying

Formation were selected from Well PT1 for strontium isotopic

(46 samples) and elemental analyses (100 samples). Additionally,

according to the lithology and paleontological characteristics of

Well PT1, the carbonate samples belong to the Deng–2 Formation.

Because the overlying layer of the Deng–2 Formation of Well

PT1 is the Cambrian Yanjiahe Formation, it can be concluded that

the Deng–3 and Deng–4 formations have been eroded.

Experiments

About 100 mg (to 0.1 mg precision) of carbonate rock materials

were weighted into Savillex 7.5 ml Teflon-PFA vials and then were

dissolved on a hotplate at 80°C using 2.0 ml of 0.2 MHCl for 4 h. The

sample solution was cooled at room temperature for 1 h before

centrifugation for 8 min at 5,000 rpm. Then, the sample solution was

loaded onto the preconditioned resin columnwith 2ml of AG50W×

12 (200–400 mesh) for the separation of Sr from the sample matrix.

After rinsing four times with 0.5 ml of 2.5 M HCl, the column was

washedwith 7 ml of 5MHCl. Afterward, the Sr fractionwas stripped

with 3.5 ml of 5 MHCl, and the Sr fractionwas evaporated to dryness

and was ready for the TIMS analysis. The Sr isotopic measurements

were performed on a Thermo Fisher Triton Plus multicollector

thermal ionization mass spectrometer at the Institute of Geology

and Geophysics, Chinese Academy of Sciences (IGGCAS). Themass

fractionation of Sr was corrected using an exponential law with 88Sr/
86Sr = 8.375209. The international standard sample NBS–987 was

used to evaluate instrument stability during the period of data

collection. During this time, the measured average value of

NBS987 was 87Sr/86Sr = 0.710,245 ± 0.000015, which is in good

agreement with the reported values (Li et al., 2016; Li et al., 2019a).

All samples were crushed into fine powders greater than

200 mesh size for elemental experiments. The major and trace

element concentrations were analyzed with a PANalytical MagiX

PRO wavelength-dispersive X-ray fluorescence (XRF)

spectrometer and Inductively Coupled Plasma Mass

Spectrometer (ICP-MS), respectively, at the Northwest Branch

of China Petroleum Exploration and Development Research

Institute.

Results

Strontium isotopes

The 87Sr/86Sr values of the 48 measured samples range from

0.708881 to 0.710167, with a mean value of 0.709242 (Figure 2A,

3A). Vertically, the 87Sr/86Sr curve fluctuates frequently. There is

a slow downward trend of the 87Sr/86Sr curve at the depth of

6,234–5,966 m, and the 87Sr/86Sr value decreases from

0.709300 to 0.708900. Then, the 87Sr/86Sr value increases

rapidly, and remains stable at ~0.709400 (5,956–5,796 m).

Finally, the 87Sr/86Sr curve shows a rapid drop at the depth of

5,796–5,711 m with values decreasing from 0.709500 to

0.708900.

Elements

The Sr contents are in a low level (~100 ppm) at the depth of

6,276–5,912 m and 5,866–5,726 m, and remain relatively higher

(400–500 ppm) at the depth of 5,906–5,876 m (Figure 2B). The

Mn/Sr values initially decrease from ~5 to ~2 at the depth of

6,276–6,206 m, and then remain stable at ~2 in the depth of

6,206–5,952 m (Figure 2C). Subsequently, there are large

fluctuations at the depth of 5,952–5,866 m, and the Mn/Sr

values range from ~0.5 to ~4. Finally, the Mn/Sr value

decreases from ~5 to ~1.5 at the depth of 5,866–5,726 m.

The CaO + MgO values share a similar trend of the Mn/Sr

values (Figure 2D). The redox sensitive trace elements (RSTEs),

including V, Cr, Co, and Ni, share a similar trend: initially

stable at low values and then increase at the depth of

5,932–5,866 m. Finally, there is a significant increase in the

trend of RSTEs at the depth of 5,800–5,700 m (Figures 3B–E).

The Al2O3 values are at a low level (<2%), and the fluctuation of

the Al2O3 curve is small on the whole (Figure 3F). At the depth

of 6,276–5,916 m and 5,866–5,834 m, the Al2O3 content is

almost invariable with the values of ~0.1%. By contrast, the

Al2O3 value is relatively higher at ~0.5% and at the depth of

5,906–5,876 m. The Al2O3 curve fluctuates relatively intensively

at the depth of 5,814–5,726 m, and shows higher values of

~0.5–2%. The TiO2 values are at a low level (~100 ppm), and the

trend of the curve is similar to that of the Al2O3 curve

(Figure 3G).

Discussion

Diagenesis

Diagenetic processes can change the primary geochemical

signatures of marine carbonates, further affecting the analysis of

the coeval seawater (Kaufman et al., 1991; Derry et al., 1994).

Elemental proxies have been widely used to evaluate the influence
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of later alteration, especially the diagenesis, on the geochemical

records of carbonates (Derry et al., 1994; Kaufman and Knoll,

1995). Although the traditional view is that critical values of

proxies can exclude the altered samples (Derry et al., 1994),

recent studies have shown that the comprehensive analysis of

stable isotopes and elements rather than on the use of a fixed

value is a more reasonable way to determine the diagenesis (Loyd

et al., 2012; Li et al., 2013a; Schiffbauer et al., 2017). In the present

study, the inner relationship and trend of multi-elemental

proxies were analyzed to evaluate the diagenesis.

FIGURE 2
Vertical profile of 87Sr/86Sr and elements which can determine the diagenesis. (A) 87Sr/86Sr; (B) Sr; (C) Mn/Sr; and (D) CaO + MgO.

FIGURE 3
Vertical profile of 87Sr/86Sr and elements which can reconstruct the paleoenvironment. (A) 87Sr/86Sr; (B) V; (C) Cr; (D) Co.; (E) Ni; (F) Al2O3; and
(G) TiO2.
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The loss of Sr and Na and the enrichment of Fe andMn occur

during deposition, especially under the influence of the

atmospheric water cycle (Derry et al., 1994; Kaufman and

Knoll, 1995; Azmy et al., 2011; Azmy et al., 2014). Therefore,

the Mn/Sr ratio can be used to determine whether geochemical

records of carbonates represent the original composition of

seawater (Derry et al., 1994). Generally, as diagenesis becomes

more severe, the Mn/Sr ratio increases and samples that have

maintained the original isotopic compositions of the seawater

usually have an Mn/Sr value <5 (Derry et al., 1994; Zhang et al.,
2020). In addition to the sample PT1-27 (5,842 m, Mn/Sr = 5.13),

Mn/Sr values of the remaining samples are less than 5, indicating

that these samples may maintain the primary geochemical

signatures (Figure 2C).

The Sr concentration of aragonite is <7,740 ppm in modern

seawater, that of high-magnesium (Mg) calcite is 400–5,000 ppm,

and that of protodolomite is 245–600 ppm (Baker and Burns,

1985). As shown in Figure 2B, based on the Sr content, samples

can be divided into two groups: group 1 (5,912–6,276 m and

5,726–5,872 m), having relatively low Sr contents (<200 ppm)

and group 2 (5,876–5,906 m), having relatively high Sr contents

(>350 ppm). Diagenesis can reduce the Sr content of carbonate

rocks to below 155 ppm (Javanbakht et al., 2018), so the Sr

concentration of 155 ppm may be a critical value for excluding

carbonates altered by diagenesis (Ren et al., 2019). Therefore,

group 1 seems to have undergone the diagenesis, and group

2 may maintain the primary geochemical signatures. However,

the Sr content of group 1 is extremely stable in intervals with

different dolomite contents, indicating that the diagenesis had no

prominent effect on the Sr content (Figure 2B). Actually, the Sr

content of the coeval carbonates in the Tarim Basin (Ediacaran

Chigebrak Formation) (~150 ppm) and the upper Yangtze

Xiaotan section (Ediacaran Dengying Formation Baiyanshao

Member) (<100 ppm) is also low (Li et al., 2013a; Zhang

et al., 2020), indicating that Sr content is not the result of the

diagenesis, but represents the original seawater composition,

which further proves that a fixed critical value is not effective

in some cases (Schiffbauer et al., 2017).

The samples with high purity (CaO + MgO concentrations)

represent the purist carbonates which contain original 87Sr/86Sr

signature (Li et al., 2013a). The (CaO + MgO) values of all

samples are more than 40%, and most of the samples are more

than 50%, indicating that the Dengying Formation carbonates of

Well PT1 were unaffected by the diagenesis (Figure 2D).

Additionally, the Rb/Sr ratio in cleaned carbonates has

generally lower values than altered carbonates. In the present

study, in addition to the sample PT1-27 (5,842 m, Rb/Sr = 0.16),

the Rb/Sr values of the remaining samples are in a low level

(Figure 4).

On the other hand, the relative relationship between these

proxies was also analyzed to further exclude the altered samples

(Burdett et al., 1990; Frank et al., 1997; Li et al., 2013a; Zhang

et al., 2020). The location of samples in cross-plots roughly

consisted with the division of samples which is based on the

Sr content (Groups 1 and 2) (Figure 2B; Figure 4). Although there

are good relationships between Mn/Sr and Sr (Figure 4B), CaO +

MgO and Sr (Figure 4C), Mn/Sr and CaO + MgO (Figure 4E),

and Rb/Sr and CaO + MgO (Figure 4F), which is presented by

high coefficient of determination (R2), the location of group 2 is

clearly far from the digenetic trend, indicating that these

carbonates were unaffected by the diagenesis. By contrast, one

sample (PT1–27, 5,842 m) deviates from the main cluster of

group 1 and has a diagenetic trend in relative to other samples,

indicating that it has been altered by the diagenesis (Figures

4B–E). The cross-plots of Rb/Sr vs Sr, CaO +MgO vs Sr, Rb/Sr vs

Mn/Sr, and Rb/Sr vs CaO + MgO indicates that the trend and

location of group 1 show no diagenetic processes (Figures

4A,C,D,F). However, the diagenetic trend of group 1 is shown

in the cross-plots of Mn/Sr vs Sr and Mn/Sr vs CaO + MgO. The

inconsistency can be attributed to the low Sr content (Li et al.,

2013a; Zhang et al., 2020). The low Sr content contributed to the

high Mn/Sr ratios, further showing a diagenetic trend. Due to the

low Sr content of seawater in the Sichuan Basin during the

Ediacaran (Li et al., 2013a; Zhang et al., 2020), the use of Mn/Sr

and Sr contents are obstructed. Therefore, it can be concluded

that Rb/Sr and CaO + MgO values are more applicative proxies

for determining the diagenesis in the present study.

Element constraints on the
paleoenvironment

Biological evolution may be related to the fluctuations of the

oxygen level in the ocean–atmosphere system, which shows the

significance of reconstructing the redox state of seawaters

(Hardisty et al., 2013; Liu et al., 2019; Wei et al., 2020; Dodd

et al., 2021). Although there are various proxies for

reconstructing redox condition, such as iodine (Hardisty et al.,

2017; Hardisty et al., 2020), molybdenum isotope (Siebert et al.,

2003), and chromium isotope (Gueguen et al., 2016), the redox-

sensitive trace elements (RSTEs) are the widely used and reliable

proxies (Tribovillard et al., 2006; Algeo and Tribovillard, 2009).

However, the use of bimetal RSTEs, especially U/Th, V/Cr, Ni/

Co, and V/(V + Ni), remains controversial (Algeo and Li, 2020;

Algeo and Liu, 2020). For example, V may precipitate in the form

of a stable sulfide if hydrogen sulfide is present, and Ni is related

to not only the redox but also the paleoproductivity (Tribovillard

et al., 2006), which may mask the true seawater environment. On

the other hand, the ratio of the two elements will eliminate the

true enrichment degree of the RSTEs. Therefore, in the present

study, the contents of RSTEs were applied in the reconstruction

of redox conditions instead of bimetal RSTEs. RSTEs tend to be

more soluble in water column under a more oxic environment

and enter into sediments under a more anoxic environment

(Tribovillard et al., 2006; Algeo and Tribovillard, 2009;

Tribovillard et al., 2012).
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Although the low contents of RSTEs shows that the marine

environment was oxic as a whole during the latest Ediacaran

(Figures 3B–E), two significant fluctuations of RSTEs indicate

that there were two anoxic events. The dynamic redox

condition is also supported by the δ238U data (Wood et al.,

2015; Zhang et al., 2018). The Fe speciation data from

Newfoundland in Canada, Ce anomaly data from the Nama

Group in Namibia, and Fe-S-C data from south China suggest

an anoxic environment in deep water settings during the late

Ediacaran (Darroch et al., 2015; Wood et al., 2015; Tostevin

et al., 2016). Thus, the redox condition inferred by the contents

of RSTEs indicates that the minimum oxygen zone existed in

the Sichuan Basin during the Ediacaran, and there were two

expansions of anoxic seawater (Figures 3B–E). Furthermore,

the previous study has shown that there was an extensive

marine anoxia during the terminal Ediacaran, which resulted

in the decline in the Ediacaran biota from ~550 Ma (Zhang

et al., 2018). Thus, fluctuations of the oxygen content may be

closely related to the decline and eventual disappearance of the

Ediacaran biota (Shen et al., 2008; Laflamme et al., 2013; Zhang

et al., 2018).

The immobile elements, such as aluminum, zirconium,

and thorium, are unaffected by weathering and diagenetic

processes, and, thus, are regarded as effective proxies for the

terrigenous debris input (Taylor and McLennan, 1985; Zhang

et al., 2000; Tribovillard et al., 2006). Al and Ti are principally

derived from aluminosilicate clay minerals, which are carried

to oceans by terrigenous influx (Hayashi et al., 1997;

Tribovillard et al., 2006). However, Al should not be used

in cases where marine carbonates are characterized by a low

detrital fraction, because excess Al may have been scavenged

as hydroxides coating biogenic particles (Kryc et al., 2003). In

the present study, the consistent trend of Al2O3 and TiO2

suggests that it is feasible to use Al2O3 to represent the

terrigenous detrital input (Figures 3F,G). According to the

vertical trend of Al2O3 and TiO2 values, the terrigenous

detrital input was generally stable (Figures 2B,C). However,

there were two episodes of high terrigenous detrital input,

which can roughly correspond to two relatively anoxic

intervals (Figure 3), indicating that there is a close

relationship between the terrigenous detrital flux and redox

condition. The terrigenous detrital flux is one of the sources of

marine nutrients which can supply the organisms (Chang

et al., 2019). In addition, the oxygen rise can stimulate

biological diversification (Knoll and Carroll, 1999; Chen

et al., 2015), and bioturbation and bioirrigation can affect

the oxygen exchange between the surface water and the water

column (Boyle et al., 2014). Therefore, during intervals of low

terrigenous detrital flux, the low input of nutrients (Figure 3),

such as phosphorus, indicate that less organisms demanded

FIGURE 4
Cross-plots of (A) Rb/Sr vs Sr, (B)Mn/Sr vs Sr, (C) CaO + MgO vs Sr, (D) Rb/Sr vs Mn/Sr, (E)Mn/Sr vs CaO + MgO, and (F) Rb/Sr vs CaO + MgO.
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less oxygen, leading to the depletion of the RSTEs due to the

oxic environment (Figure 3). By contrast, increased nutrients

supply stimulated marine productivity during intervals of

high terrigenous detrital flux (Figure 3), which led to high

oxygen demand on a short time scale (104 years), and this

process would have tend to increase the ocean oxygenation on

a long time scale (106 years) (Fike et al., 2006; Lenton et al.,

2014; Cui et al., 2016; Zhang et al., 2018), resulting in the

enrichment of RSTEs due to the anoxic environment.

On the other hand, there is a significant increase in the Sr

content at the depth of 5,906–5,876 m, which corresponds to

the interval of the first episode of high terrigenous detrital flux

and anoxic environment (Figures 2B, 3). In addition, the Sr

content of this interval resemble that of normal seawater,

while that of 6,276–5,912 m and 5,866–5,726 m is significantly

lower than that of normal seawater. However, the effect of

diagenesis on the Sr content has been excluded, and thus the

interval of low Sr content may indicate a local process. The

position of Well PT1 was located in the shallow carbonate

platform (Figure 1B), which includes lagoonal facies,

restricted platform, and tidal flat, which also suggest that

low Sr content may be the result of local processes. Thus,

the first episode of high terrigenous detrital flux and anoxic

expansion may be a local event, while the second episode may

be a global event.

87Sr/86Sr constraints on the
paleoenvironment

Strontium in oceans has two main sources (Palmer and

Edmond, 1989): 1) high-value strontium isotope from

continental weathered rocks (global mean value of 87Sr/86Sr is

0.7119) (Peucker-Ehrenbrink and Miller, 2006) and 2) low-value

strontium isotope supplied by hydrothermal exchange of mid-

oceanic ridge and hydrothermal alteration of seafloor basalt

(global mean value of 87Sr/86Sr is 0.7035) (Hofmann, 1997).

Additionally, the diagenesis can result in elevated 87Sr/86Sr

values, which can obscure the real 87Sr/86Sr signature (Derry

et al., 1994). For example, the global strontium isotope

composition of oceans during the Cambrian–Toyonian is

0.708,853–0.709,667 (Zhang et al., 2022), while the 87Sr/86Sr

value of coeval altered carbonates exceed 0.710,300 (Fu et al.,

2020). Due to the lack of high-precision 87Sr/86Sr records, the

strontium isotope composition of the Ediacaran seawater has not

been well-limited (Halverson et al., 2007; Sawaki et al., 2010a;

Guacaneme et al., 2021). Therefore, the identification of the

diagenesis and global comparison of 87Sr/86Sr values during the

interval presented by the Ediacaran Dengying Formation are

necessary.

Although altered samples have been excluded, the influence

of the diagenesis on the strontium isotope composition is still

FIGURE 5
Cross-plots of (A) 87Sr/86Sr vs Sr, (B) 87Sr/86Sr vs CaO + MgO, (C) 87Sr/86Sr vs Rb/Sr, and (D) 87Sr/86Sr vs Mn/Sr.
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evaluated in order to avoid possible interferences. As shown in

the cross-plots of 87Sr/86Sr vs Sr, 87Sr/86Sr vs Rb/Sr, and 87Sr/86Sr

vs CaO + MgO, there is no obvious correlation between these

proxies and 87Sr/86Sr (Figures 5–D), which is presented by the low

values of the coefficient of determination (R2), indicating that the

diagenesis unaffected the strontium isotope composition. The
87Sr/86Sr values and Mn/Sr ratios show a positive relationship,

which can be attributed to the low Sr content of the Ediacaran

seawater as previously mentioned (Li et al., 2013a; Zhang et al.,

2020). Thus, our high 87Sr/86Sr values can be used to restrict the

sedimentary environment of the Sichuan Basin during the

interval presented by the Deng–2 Formation.

The strontium isotope values of the latest Ediacaran

(551–542 Ma) in the present study (Figure 2A) are high in

both long and short scales (Figures 6A,B) (Derry et al., 1994;

Veizer et al., 1999; Halverson et al., 2007; Cui et al., 2020).

Moreover, the global correlation of the late Ediacaran 87Sr/86Sr

records show that in addition to the extremely high 87Sr/86Sr

values of the Xiaotan section in south China

(0.710,007–0.712,326) which has been attributed to the

diagenesis (Li et al., 2013a), the 87Sr/86Sr values of Well

PT1 are significantly higher than that of other coeval records

(Figure 2A), such as the low 87Sr/86Sr values of the Tsagaan

Oloom Formation in southwest Mongolia (0.70772–0.70869)

(Brasier et al., 1996), the Sete Lagoas Formation in the

Bambuí foreland Basin (0.707493–0.708663) (Guacaneme

et al., 2021), and Bambuí Group in southern São Francisco

(0.707332–0.708878) (Paula-Santos et al., 2015), and moderate
87Sr/86Sr values of the Chigebrak Formation in the Tarim Basin

(0.708464–0.708994) (Zhang et al., 2020), unit-4 layer in central

Iberia (0.70845–0.70875) (Valladares et al., 2006) and the

Dengying Formation in Gorges area, South China

(0.70835–0.70875) (Sawaki et al., 2010b; Wei et al., 2019)

(Figure 6C). These low 87Sr/86Sr values (<0.7085) have been

interpretated as the result of the local process rather than the

global signature, while moderate 87Sr/86Sr values (0.7085–0.7090)

have been regarded as the global signature (Paula-Santos et al.,

2015; Guacaneme et al., 2021). During the Ediacaran, the

Gondwana assembly and related marginal orogenesis caused

paleogeographic changes, which led to marine isolation and

unique geochemical characteristics (Li et al., 2008; Li et al.,

2013c; Wei et al., 2019). A modern case also indicates the

importance of tectonic activities on the geochemical

characteristics: the uplifts of the Himalaya and Tibetan

FIGURE 6
(A) Record ofmarine 87Sr/86Sr over the past 1,000 Ma (modified after Derry et al. (1994), Veizer et al. (1999) andHalverson et al. (2007); (B) record
of marine 87Sr/86Sr during the Ediacaran [the red line is from Sawaki et al. (2010b), and the yellow line is from Cui et al. (2020)]; (C) range of 87Sr/86Sr
values of the Dengying Formation and coeval other formations (the data of south China is from Li et al. (2013a) and Wei et al. (2019); the data of the
Tarim Basin is from Zhang et al. (2020); the data of central Iberia is from Valladares et al. (2006); the data of southwest Mongolia is from Braiser
et al. (1996); the data of the Bambuí foreland basin is from Guacaneme et al. (2021); the data of the southern São Francisco craton is from Paula-
Santos et al. (2015).
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Plateau increased the continental weathering rates, leading to

more input of radiogenic Sr isotope to oceans (Richter et al.,

1992). Furthermore, the seawaters of near-shore basins were

commonly flooded with continental freshwater with little chance

to exchange with global seawaters (Frimmel, 2009).

In the case of excluding the effect of the diagenesis, the

evidently high 87Sr/86Sr values of this study may be also the result

of local processes (Figure 2A), which is consistent with the

analyses of elements. Combined with the paleogeographic

information (Figure 1), it can be concluded that the

sedimentary environment of the Sichuan Basin may be

restricted during the latest Ediacaran, such as lagoonal facies

and restricted platform (Figure 1B). The high 87Sr/86Sr values also

suggest the relatively high terrigenous detrital input from

continental weathering (Peucker-Ehrenbrink and Miller, 2006;

Zhao et al., 2009), and reduced contribution of oceanic

hydrothermal sources to 87Sr/86Sr values (Hofmann, 1997).

During the late Ediacaran, the assembly of Gondwana was

still in process, indicating a period of intense tectonic

activities. Thus, the widespread continental collision caused

high topographic landscape, indicating intense continental

weathering (Richter et al., 1992; Li et al., 2008; Li et al.,

2013c). In addition, when the sea level falls, a large

continental area is exposed for weathering, resulting in the

increased supply of terrigenous material to the ocean (Palmer

and Edmond, 1989; Hofmann, 1997). Therefore, the intense

continental weathering and low sea level resulted in the

increased supply of terrigenous strontium to the Sichuan

Basin during the Ediacaran, further leading to high 87Sr/86Sr

values (Figure 2A).

FIGURE 7
Evolution of the geochemical records and paleoenvironment during the latest Ediacaran in the Sichuan Basin. (A) Stage 1; (B) stage 2; (C) stage 3;
and (D) stage 4.
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On the other hand, the Three Gorges area was also located in

the upper Yangtze Platform (Sawaki et al., 2010b; Zhang et al.,

2018; Wei et al., 2019), so carbonates of Well PT1 and the Three

Gorges area should share similar 87Sr/86Sr values due to the

homogeneity of strontium isotope composition (Jacobsen and

Kaufman, 1999; Paula-Santos et al., 2015). However, the

strontium isotope composition of the Three Gorges area

(0.70835–0.70875) is similar with the extensive oceans, while

that of well PT1 is higher than that of the extensive oceans. The

paleogeographic position of PT1 and Three Gorges area shows

that the position of Three Gorges area was closer to extensive

oceans than that of Well PT1 (Figure 1A) (Zhang et al., 2018).

Therefore, we inferred that there was a high submarine in the

Sichuan Basin, restricting the exchange of water between the

seawater of Sichuan Basin and the extensive oceans, which

resembles the case of the late Miocene Mediterranean marine

basin (Schildgen et al., 2014). In this case, due to the existence of

the high submarine, the input of the terrigenous debris into the

location of Well PT1 was more than that of Three Gorges area,

which led to more radiogenic Sr in the seawater of the location of

Well PT1. Thus, the 87Sr/86Sr record of the Three Gorges area of

south China can represent the global strontium isotope

composition (Valladares et al., 2006; Sawaki et al., 2010b; Wei

et al., 2019), while that in the Sichuan Basin was a local process.

The vertical fluctuations of the 87Sr/86Sr values may be

fundamentally controlled by the Gondwana assembly (Li et al.,

2008; Li et al., 2013c). The Gondwana assembly controlled the

continental exposure area and continental weathering intensity,

further affecting the terrigenous detrital input and driving the

restriction degree of the Sichuan Basin by controlling tectonic

uplifts. According to the vertical trends of elements and 87Sr/86Sr

values (Figure 2A), the sedimentary environment of the Sichuan

Basin during the latest Ediacaran can be divided into four stages.

During stage 1, the terrigenous detrital input was stable, which

presented stable TiO2, Al2O3, and Sr contents. Low Sr contents and

high 87Sr/86Sr values indicate the restricted exchange with extensive

oceans, and thus the Sichuan Basin is a restricted platform

(Figure 7A). The long-term oxic environment and nutrients

supply during stage 1 provided the prerequisite for the

emergence of aerobic organisms in stage 2. During stage 2, the

Gondwana assembly resulted in intense tectonic activity and low

sea level (more exposed area), further leading to the increased

terrigenous detrital input, which is presented by high 87Sr/86Sr

values (0.7093–0.7095) (Figure 7B). The increased terrigenous

detrital input stimulated the emergence of aerobic organisms,

which consumed the previously stored oxygen, leading to the

first episode of anoxic environment. During stage 3, the Gondwana

assembly was still in process (Li et al., 2008; Li et al., 2013c),

causing the continuous increase of the terrigenous detrital input.

However, the 87Sr/86Sr and Sr values decreased, which may have

resulted from global transgression. The rising sea level led to the

mixture of the seawater of the Sichuan Basin and extensive oceans,

further resulting in the decline of the 87Sr/86Sr values (Figure 7C).

The high sea level provided upwellings which carried enough

nutrients, stimulating the paleoproductivity. Thus, the increased

paleoproductivity consumed oxygen and nutrients, furthering

resulting in the second episode of anoxic environment in stage

4 (Figure 7D).

Conclusion

The determination of the effect of the diagenesis on

carbonates should depend on the relationships between

multiproxies, such as Mn/Sr, Rb/Sr, and Sr values, rather than

critical values of these proxies.

The records of element and strontium isotopes show the

tectonically induced strontium isotope and elemental changes in

the Ediacaran seawater. During the latest Ediacaran, the

Gondwana assembly was in process, which controlled the

continental exposure by regulating the sea level, further

affecting the terrigenous detrital input. Simultaneously, the

degree of the basin restriction was driven by the Gondwana

assembly by controlling tectonic uplifts and the sea level. The

terrigenous detrital input and the degree of the basin restriction

further affected oceanic organisms and redox conditions.

The paleoenvironment of the Sichuan Basin during the latest

Ediacaran can be divided in to four stages. During stage 1, the

stable terrigenous detrital input and oxic environment provided

the prerequisite for the emergence of aerobic organisms.With the

intense tectonic uplifts and the decreasing sea level caused by the

Gondwana assembly, the Sichuan Basin was more restricted

during stage 2. The increased terrigenous detrital input

stimulated the emergence of aerobic organisms, which

consumed the previous stored oxygen, leading to the first

episode of anoxic environment. During stage 3, a

transgression led to the mixture of the seawater of the

Sichuan Basin and extensive oceans. As a result, the Sichuan

Basin changed from a restricted platform to an open one. The

high sea level provided enough nutrients, which led to increased

paleoproductivity. Thus, the high paleoproductivity consumed

oxygen and nutrients, resulting in the second episode of anoxic

environment.
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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 Nangqian Basin is not only the

confluence area of major monsoons and westerly winds but also the

boundary between humid and arid areas. Moreover, the Nangqian 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 Nangqian Basin in the

central-eastern Qinghai–Tibet Plateau were used to reconstruct the

paleoclimate and paleovegetation evolution history over the time interval of

51.8–37.5 Ma. According to the climatic index of the Nangqian Basin, the

climate evolution history can be divided into three stages. StageⅠ: 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 CPI, δ13Cn-alkanes, and total organic carbon (TOC) was low;

meanwhile, ACL value increased with nC27/nC31 decrease, and these obvious

change trends might be affected by the mixing of terrestrial sediments brought

by rivers. The main peak carbons were nC22 and nC23, the vegetation type was

predominantly woody plants, and the climate was relatively humid. Stage Ⅱ:
during 46.4–42.7 Ma, Paq and nC27/nC31 values decreased gradually, and ACL,

δ13Cn-alkanes, 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 becamemore

arid. StageⅢ: during 42.7–37.5 Ma, Paq, ACL, and nC27/nC31 values did not vary

too much, δ13Cn-alkanes 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

Nangqian 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 CO2

concentration, it is considered that the Eocene climate change in the

Nangqian 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

Nangqian Basin, and the basin was rarely affected by the South Asian monsoon.

KEYWORDS

biomarkers, paleoclimate, paleovegetation, Nangqian Basin, Qinghai–Tibet Plateau

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

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,

Frontiers in Earth Science frontiersin.org

Li et al. 10.3389/feart.2022.866304

252

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.866304


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

to reconstruct paleoclimate and paleoenvironment. The

reconstruction of the paleoclimate environment by biomarker

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 Nangqian Basin in the central

and eastern part of the Qinghai–Tibet Plateau is still absent. In

this study, biomarkers, TOC, and carbon isotope δ13C of n-

alkanes from the sediments of the Nangqian Basin in the central-

northeastern Qinghai–Tibet Plateau were used to reconstruct the

paleoclimate and paleovegetation evolution history during

51.8–37.5 Ma. Our study provides important geological

evidence for clarifying the Paleocene climate evolution in the

central-east Qinghai–Tibet Plateau.

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

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

Nangqian 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 Nangqian 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

condition gradually changing from semi-arid to 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

FIGURE 1
Geographical location map of the Nangqian Basin.
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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 CO2 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

Province, Northwest Institute of Eco-Environment and

Resources, Chinese Academy of Sciences. The instrument was

LECOCS900 carbon and sulfur analyzer.

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 72 h. 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

hydrocarbon components were extracted several times using

silica gel and alumina as fillers. The saturated hydrocarbon

components were dried and diluted with CHCl3 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

was an HP-5MS quartz capillary column

(30mm×0.25mm×0.25 μm). The carrier gas was high-purity

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.

FIGURE 2
Sampling and chronological map of the Nangqian Basin.
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4 Results

4.1 Analysis of biomarker compounds

The distribution characteristics of n-alkanes in 67 samples

from the Nangqian section are shown in Figure 3. The carbon

number of n-alkanes is distributed between nC15 and nC33.

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 nC22 and nC23 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 nC25. For

the NQ section, the peak patterns were a single-peak

distribution, and the main peak carbons are nC25 and nC26.

For the NQ1 section, which was distributed in a bimodal

pattern, nC23 was the main peak carbon in the front peak part

and nC31 was the main peak carbon in the back peak part. The

high carbon number part had an obvious odd carbon

advantage.

In this study, nC27/nC31, average carbon chain length (ACL)

of n-alkanes (C > nC25), carbon dominance index (CPI) of n-

alkanes (C > nC23), and relative input index of n-alkanes of

aquatic plants Paq were selected, as well as Pr/Ph, ∑ n-C21 -/∑
n-C22 +, etc., the corresponding calculation formula is as follows:

ACL27-31=(27×nC27+29×nC29+31×nC31+33×nC33)/

(nC27+nC29+nC31+nC33) (Fang et al., 2021)

CPI=0.5×[(nC23+nC25+nC27+nC29+nC31)/

(nC22+nC24+nC26+nC28+nC30)+(nC23+nC25+nC27

+nC29+nC31)/(nC24+nC26+nC28+nC30+nC32)] (Ficken et al.,

2000)

Paq=(nC23+nC25)/(nC23+nC25+nC29+nC31) (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.

∑ n-C21 -/∑ n-C22 + 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

FIGURE 3
Distribution map of n-alkanes in Nangqian samples.
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average of 29.05. nC27/nC31 ranged from 0.33 to 6.35, with an

average of 1.55. nC17/nC31 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 nC23 and nC25 in the Nangqian Basin range from

39.0‰ to 29.5‰ and from 35.1‰ to 26.1‰, respectively. In

long chain alkanes variation range of carbon isotopes were

34.0–23.7‰ (nC27), 35.5–23.7‰ (nC29), 31.9–24.8‰ (nC31),

and 31.6–24.5‰ (nC33) (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 nC17-nC33,

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

nC27−nC31, 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 13C 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 HCO3- for

metabolism, and HCO3- is more enriched in 13C than in

dissolved CO2.

However, in the sediments of fluvial and lacustrine facies

profiles in the Nangqian Basin, the middle-chain n-alkanes

(nC23 and nC25) of most samples are more depleted than long-

chain n-alkanes (nC27-nC33) in 13C (Figure 4). This

phenomenon has also been found in the surface sediments

of Lake Challa in tropical Africa. The carbon isotopes of

medium alkanes (nC23 and nC25) in the surface sediments

of Lake Challa range from -30‰ to -48‰. 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 δ13C 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 CO2. With the seasonal flow of lake

water, CO2 enters the shallow water layer and is utilized by

aquatic plants, resulting in the relatively depleted 13C in

middle-chain n-alkanes (Sun et al., 2013).

FIGURE 4
Comparison of n-alkane-derived indices in the Nangqian section.
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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 nC15 and nC33,

with nC27, nC29, or nC33 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 nC15 and nC17, with nC17 as the main peak and

single-peak type distribution, without obvious odd-carbon

advantage (Eglinton and Hamilton, 1967). The carbon

number distribution of submerged/floating plants is generally

between nC21 and nC25, while the distribution of n-alkanes in

emergent plants and higher plants is similar, and the bimodal

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-C21
-/∑ n-C22+ and

nC17/nC31, it is believed that they can also indicate the

proportion of lower aquatic bacteria and algae to higher

plants. nC17/nC31<0.5 indicates that higher plants are the

main inputs, and nC17/nC31>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,

TABLE 1 Organic geochemical index parameters of samples from the Nangqian Basin.

Sample ID CPI ΣnC22
-/

ΣnC22
+

Paq Pr/
Ph

G/
C30H

nC17/
nC31

nC27/
nC31

ACL TOC
(%)

Carbon
peak

NQⅠ-242 1.87 0.38 0.63 0.31 0.15 0.34 0.33 29.14 0.12 23

NQⅠ-229 2.63 0.31 0.38 0.37 0.13 0.21 0.40 29.50 0.18 31

NQⅠ-222 2.89 0.15 0.30 0.20 0.07 0.04 0.40 29.59 0.10 31

NQⅠ-213 1.29 0.10 0.67 0.39 0.06 0.21 2.04 27.31 0.11 25

NQⅠ-203 1.59 0.06 0.50 0.10 0.12 0.01 0.90 28.30 0.05 25

NQⅠ-192 2.54 0.15 0.39 0.17 0.14 0.04 0.65 29.13 0.06 23

NQⅠ-182 2.43 0.19 0.49 0.39 0.11 0.13 0.70 28.89 0.09 23

NQⅠ-172 2.13 0.34 0.37 0.45 0.13 0.34 1.92 28.80 0.09 31

NQⅠ-163 2.51 0.42 0.37 0.41 0.11 0.38 0.99 29.30 0.11 23

NQⅠ-157 2.80 0.16 0.34 0.28 0.09 0.07 0.49 29.45 0.20 31

NQⅠ-148 2.56 0.13 0.39 0.26 0.17 0.04 0.53 29.24 0.08 23

NQⅠ-141 2.09 0.33 0.52 0.34 0.13 0.29 0.50 29.11 - 23

NQⅠ-129 2.37 0.15 0.44 0.20 0.09 0.05 0.60 29.01 0.09 23

NQⅠ-118 3.54 0.17 0.26 0.31 0.05 0.07 0.44 29.62 0.15 31

NQⅠ-108 2.16 0.29 0.47 0.30 0.09 0.23 0.58 29.25 0.11 23

NQⅠ-99 1.40 0.70 0.87 0.45 0.14 4.05 0.85 27.12 0.16 23

NQⅠ-89 1.17 0.09 0.54 0.24 0.20 0.16 1.99 27.85 0.17 25

NQⅠ-81 2.62 0.14 0.29 0.27 0.37 0.06 0.40 29.67 0.09 31

NQⅠ-70 2.60 0.15 0.34 0.28 0.11 0.05 0.62 29.18 0.11 31

NQⅠ-53 2.60 0.29 0.42 0.39 0.12 0.26 0.67 29.00 0.11 23

NQⅠ-43 2.73 0.26 0.40 0.31 0.10 0.15 0.52 29.21 0.05 23

NQⅠ-35 1.59 0.53 0.51 0.36 0.20 0.75 1.35 28.09 0.10 27

NQⅠ-28 2.66 0.42 0.39 0.41 0.04 0.34 0.41 29.44 - 31

NQⅠ-19 2.83 0.31 0.32 0.32 0.13 0.19 0.45 29.46 0.04 19

“-” means lower than the detection limit or abnormal value, no data.
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nC17/nC31 is 0.97, ∑n-C21
-/∑ n C22+ 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 nC22 and nC23. 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

characteristics, which may be caused by the strong

hydrodynamic conditions and the addition of small amounts

of terrigenous organic matter.

The second stage is 46.4–42.7 Ma, in which the Paq value is

0.55, nC17/nC31 is 0.34, and the ∑ n-C21
-/∑ n C22+ 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 nC25

and it gradually transients to nC27 in the later period of this stage.

The distribution spectra of n-alkanes also show an obvious

unimodal pattern at this stage.

In the third stage, 42.7–37.5 Ma, Paq was relatively low, with

an average of 0.44, and nC17/nC31 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-C21 -/∑ N-C22 + 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

nC27 or nC29 is the main peak carbon in the distribution of

n-alkanes when woody plants are dominant, and nC31 is the main

peak carbon when herbaceous plants are dominant. The change

in the nC27/nC31 ratio can reflect the change in the relative

content of woody and herbaceous plants. The increase in nC27/

TABLE 2 Compound-specific carbon isotope of samples from the Nangqian Basin.

Sample ID Age (Ma) δ13CnC23 δ13CnC25 δ13CnC27 δ13CnC29 δ13CnC31

NQ-87 35.59 -36.7 -32.3 -30.5 -28.7 -28.9

NQ-66 35.96 -31.7 -29.5 -28.5 -28.4 -27.7

NQ-45 36.5 -31.2 -29.2 -28.1 -28.3 -28.5

NQ-26 36.99 -32.3 -30.4 -29.1 -29.2 -29.8

NQ-1-229 38.09 -33.0 -30.4 -26.8 -26.6 -26.9

NQ-1-213 38.31 -31.6 -30.9 -29.2 -27.2 -26.8

NQ-1-192 38.66 -29.9 -26.9 -25.0 -24.8 -24.9

NQ-1-163 39.23 -30.2 -26.3 -24.5 -24.3 -25.0

NQ-1-118 40.24 -29.8 -27.0 -26.2 -26.4 -27.0

NQ-1-99 40.69 -31.7 -31.1 -31.1 -30.8 -26.8

NQ-1-81 41.14 -31.9 -28.2 -24.4 -24.4 -25.0

NQ-1-70 41.38 -29.5 -26.1 -23.7 -23.7 -24.8

NQ-1-43 41.83 -30.1 -27.4 -26.0 -26.1 -26.2

NQ-1-35 42.01 -30.1 -27.3 -26.3 -26.2 -26.0

NQ-1-28 42.13 -30.9 -28.0 -26.0 -26.4 -26.5

NQ-2-415 47.34 -32.0 -32.3 -31.8 -30.2 -31.9

NQ-2-380 47.65 -31.8 -31.6 -31.5 -31.5 -31.3

NQ-2-370 47.75 -32.3 -30.0 -29.9 -30.1 -31.6

NQ-2-360 46.45 -33.7 -33.6 -33.9 - -

NQ-2-272 48.64 -33.2 -35.1 - - -

NQ-2-196 49.37 -39.0 -34.7 -32.4 -32.7 -

NQ2-172 49.9 -34.4 -34.5 -33.1 -35.5 -

NQ-2-123 50.97 -30.6 -30.4 -29.4 -29.5 -29.8

NQ-2-100 51.23 -38.4 -31.0 -34.0 -33.4 -

NQ-2-75 51.54 -38.5 -34.1 -32.2 -34.8 -

NQ-2-54 51.77 -35.6 -34.9 -32.3 -32.3 -

NQ-2-24 52.15 -31.6 -30.4 -27.3 -27.8 -28.4

“-” means lower than the detection limit or abnormal value, no data.
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nC31 indicates the evolution of herbaceous plants to woody

plants, and the decrease in nC27/nC31 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 > nC26) 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 carbon isotopic composition of leaf paraffin

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

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 C3 and C4 plants, many

previous studies have been carried out. Existing evidence

shows that C4 plants mainly appeared in Miocene around

23 Ma, the earliest to Oligocene about 32 Ma according to the

sharp decline in atmospheric CO2 concentration (Vicentini et al.,

2008; Hackel et al., 2018; Bouchenak et al., 2010). So in this study,

the latest deposition age of the Nangqian Basin section is around

35 Ma. Also, the growth environment of C4 plants is in the

low−mid latitude region at a lower altitude (Boutton et al., 1980).

Although C4 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

Nangqian Basin in the Eocene reached 3000 m (Fang et al.,

2020). Thus, before 35 Ma, existing evidence showed that

there was hardly a large number of C4 plants, so the source of

Eocene sediments in the Nangqian Basin was mainly C3 plants.

The nC27/nC31 value and ACL value (carbon nC27-nC33) of

the sediments from the Nangqian section showed some

correlation (n=67, R2=0.47), According to the nC27/nC31

values, ACL and CPI values and the variation characteristics

of carbon isotope δ13C of n-alkanes, the evolution of

palaeovegetation in the Nangqian 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

nC27/nC31 in this period may be caused by the input of

exogenous terrestrial vegetation brought by rainfall and

surface runoff.

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 CO2 concentration since the Cenozoic (Steinthorsdottir et al., 2019).
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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 δ13C of n-alkanes, the value of

δ13C of n-alkanes gradually showed a positive trend. At the same

time, ACL values gradually increased, while nC27/nC31 gradually

decreased, the Paq value decreased significantly, and the main

carbon number gradually changed to a high carbon number,

most of which was nC25, 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 nC27/nC31

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

environment, TOC content also increased further. In

summary, herbaceous plants were still the main vegetation

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

CO2 isotope and CO2 concentration, temperature, precipitation,

and other factors in the sedimentary basin.

Leaf paraffin alkane is formed by photosynthesis through the

absorption of atmospheric CO2 by plants. Therefore, the carbon

isotopic composition of a single alkane is related to atmospheric

CO2 isotopic composition. However, the variation range of

atmospheric CO2 isotope was less than 0.8‰ during the

Eocene (Tipple, 2010). Assuming that the degree of

fractionation between vegetation and atmospheric CO2 did

not change, the variation of carbon isotope of CO2 could only

cause the variation of carbon isotope of leaf alkane to less than

0.8‰. In the Nangqian Basin, the variation range of a single

carbon isotope can reach more than 10‰, which indicates that

the single carbon isotope in the Nangqian Basin may be affected

by atmospheric CO2 isotope variation to some extent, but it is not

important.

At the same time, the reduction of the atmospheric CO2

concentration will reduce the degree of carbon isotope

fractionation between leaf paraffin and atmospheric CO2 and

then affect the plant leaf paraffin isotope (Schubert and Jahren,

2012). However, the resolution of the study on the change in

atmospheric CO2 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 CO2 concentration

(Barron, 1985; Pearson et al., 2009). If the alkane isotopes of leaf

wax were mainly affected by the change of atmospheric CO2

concentration in the Eocene, the carbon isotopes should show the

same trend as atmospheric CO2 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

CO2 concentration, indicating that the change of atmospheric

CO2 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 13C 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

positive correlation between the carbon isotope

fractionation among leaves of atmospheric CO2 and the

annual average precipitation, indicating that in a large

spatial range, the regulation of leaf stomata on CO2

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 C3

plants decreased with the increase in annual average

precipitation. Most of the plants whose δ13C>-25.5‰
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 used in the study of paleoprecipitation and

paleotemperature. The vegetation types of the Nangqian

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

Nangqian 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 Nangqian Basin from the

Eocene to Oligocene can be divided into the following three

stages.

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 δ13C 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

400 mm precipitation line in China showed that

temperature in the summer (growing season) has an

important influence on the chain length distribution of leaf

paraffin in terrestrial higher plants. The higher the

temperature in summer, the greater the ACL, but the

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 sedimentary

environment and vegetation type as the foundation

support. In stage I, the sedimentary facies consisted of

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 Ⅰ period, the Nangqian Basin temperature change may

need more evidence to explore further.

Stage Ⅱ: 46.4–42.7 Ma. In this stage, the ACL values of the

samples increased significantly, while nC27/nC31 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 Ⅲ: 42.7–37.5 Ma, during this period, nC27/nC31 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 Ⅱ, the sedimentary

environment of stage Ⅲ 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 theMECO, the carbon isotope δ13C 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 Ⅰ is 0.30, stage Ⅱ is 0.38, and stage Ⅲ is 0.31,

showing a certain increasing trend. Similarly, the maximum

value of G/nC30H 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 Ⅰ, 0.13 in stage Ⅱ, and 0.43 in stage Ⅲ, 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 Nangqian 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 Ⅲ, 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 Ⅲ 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.

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

south to north since the Eocene (Tapponnier, 2001).

According to another view, the central Qinghai–Tibet Plateau

rose to 3000–4000 m from the beginning of the Eocene (Wang

et al., 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 andMohar, 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 Nangqian 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

CirculationModel) 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

Nangqian 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 al., 2017) showed that the altitude of the

Qinghai–Tibet Plateau increased during the Eocene, combined

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

Nangqian Basin also showed continuous aridification. In

addition, the global deep-sea oxygen isotope decreased during

the middle and late Eocene, while the global atmospheric CO2

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 since the Cenozoic by using

sedimentary records and the general circulation model (GCM)

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

Nangqian Basin and other regions including southeastern (Sorrel

et al., 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 (Nangqian 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 δ13C 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 Nangqian 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

Nangqian Basin from 51.8–37.5 Ma 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 Ⅱ: 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 Nangqian 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 CO2 concentration, it is considered that the

Eocene climate change in the Nangqian 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 Nangqian 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

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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