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Holocene environmental and climate change on the Tibetan Plateau is intensively studied and discussed with the
aim to better understand the factors controlling the hydrology of individual river catchments and especially the
availability of water which is of utmost significance for the communities downstream in times of rapid climate

g‘r;l;;le(:;r;:ttry change. Thus, a late glacial and Holocene sediment record from Lake Heihai in the Kunlun-Pass region was
Ostracoda Yy investigated using ostracod and geochemical analyses. Cold and dry conditions were inferred between ca. 12.9

and 12.3 cal ka BP and higher temperatures before and afterwards. The cold spell probably corresponds to the
Younger Dryas (YD) event in the North Atlantic region. Warmer and wetter conditions with highest lake levels
and decreased lake-water salinity were recorded from ca. 10.8 to 7.0 cal ka BP when the summer monsoon was
strengthened. The cold 8.2 cal ka BP event is not significantly recorded in the region probably due to the pre-
dominance of the summer monsoon over the westerlies. A declined lake level and increased lake-water salinity as
the result of cold and dry conditions are inferred from ca. 7.0 to 4.5 cal ka BP when the strengthening of the mid-
latitude westerly circulation probably triggered glacier advances in the catchment. An even lower lake level
existed during cold conditions with glacier advances from ca. 4.5 to 1.2 cal ka BP. The level of Lake Heihai rose
again after ca. 1.2 cal ka BP due to warmer conditions, causing the retreat of glaciers and higher runoff. Our
record from the Kunlun Pass region provides further evidence for the catchment-specific response of hydro-
graphical systems which are partly controlled by glaciers as major water sources.

1. Introduction

The hydrology and landscape of the Tibetan Plateau responses
sensitively to global climate warming (Liu et al., 2021). As a result,
many studies addressed past environmental and climate change in
different regions of the plateau (Chen et al., 2020; Sun and Feng, 2022).
Local climate conditions during the late glacial and the Holocene are
typically deduced from studies of lake-sediment cores or exposed
lake-sediment sections, or shoreline deposits (Lister et al., 1991; Peng,
1997; Zhu et al., 2002, 2004, 2008; Mischke et al., 2005; Shen et al.,
2005; Holmes et al., 2007). Records from Qinghai Lake, Donggi Cona,
Koucha Lake, Kuhai Lake, Gahai Lake, Nam Co, Pumoyum Co and other
lakes provide valuable information with respect to the lake evolution
during the Holocene and local environmental and climate conditions in
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the different catchments (Lister et al., 1991; Liu et al., 2007; Mischke
et al., 2008, 2010b; Zhu et al., 2010; Li et al., 2012; Peng et al., 2013).
Some of these records allowed the assessment of specific lake-external
processes such as the generation and accumulation of aeolian deposits
or the glacier dynamics in the lake catchments (Qiang et al., 2006; Xiao
etal., 2008, 2015; Mischke et al., 2010c; Stauch et al., 2017; Wang et al.,
2021). The geomorphological evolution of drainage basins is studied to
reveal the response of mountain-basin systems to paleoclimate fluctua-
tions (An et al., 2018a, 2018b). For example, periods of aggradation and
incision were important geomorphological controls for the dynamic
evolution of landforms in the Golmud River catchment (An et al.,
2018b).

Ostracods, as bivalved micro-crustaceans, inhabit almost all types of
water bodies. They have good potential as palaeoenvironmental
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indicators due to their low-magnesium calcite shell which is often well
preserved in lake sediments (De Deckker et al., 1988). Species assem-
blages and the abundance of specimens sensitively trace changes in
environmental factors, such as water depth, water temperature, specific
conductivity (SC, as a measure of salinity), type of hydrophytes and
substrate properties (De Deckker, 1981; Cyr and Downing, 1988;
Mourguiart and Carbonel, 1994; Holmes et al., 1998; Meisch, 2000;
Hirokazu, 2003; Mischke et al., 2005). Fossil shells are used for palae-
oclimate inferences based on applications of an indicator-species
approach, of transfer functions or the mutual climatic range method
(Mischke et al., 2007, 2008, 2010c; Frenzel et al., 2010). Stable isotopes
and trace elements of the calcitic shells are used to infer past conditions
of water bodies such as salinity or temperature (Mischke et al., 2008,
2010b). A number of lakes on the Tibetan Plateau such as the lakes
Qinghai, Donggi Cona, Koucha, Kuhai, Gahai, Nam Co and Pumoyum Co
were investigated combining ostracod data with other multi-proxy data
(Lister et al., 1991; Liu et al., 2007; Mischke et al., 2008, 2010b; Zhu
et al., 2010; Li et al., 2012; Peng et al., 2013). These records provide
valuable information about the regional evolution of lakes and related
environmental variations in response to Holocene climate change.

However, accumulated evidence shows that the Holocene climate
dynamics on the Tibetan Plateau were spatially heterogeneous due to
the complex interactions of different moisture-transporting wind sys-
tems in the region (the westerlies, the Indian and East Asian summer
monsoons) and different catchment-specific characteristics (alignment
of mountain ranges with respect to prevailing winds, presence and size
of glaciers, the thermokarst development and degradation, etc.; Li,
1989; Shen and Tang, 1996; Mischke et al., 2008; Ramisch et al., 2016;
Stauch et al., 2017; Zhang et al., 2021).

Thus, we conducted a multi-proxy study of a late glacial and Holo-
cene sediment core from Lake Heihai in the Kunlun Pass region. We
investigated the ostracod species distribution, the ostracod-based
transfer function for specific conductivity, stable oxygen and carbon
isotopes of ostracod shells and bulk sediment samples, granulometry of
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the sediments, the total organic matter content and the carbonate con-
tent in order (1) to quantitatively and qualitatively reconstruct the lake
evolution and environmental fluctuations including glacier variations in
the catchment, (2) to deduce impacts of the summer monsoon and
climate change in the northern part of the Tibetan Plateau.

2. Regional settings

Lake Heihai (35°57’ - 36°02' N, 93°12' - 93°18' E; Figs. 1 and 2), also
named Xiwangmu Yaochi, is located in an intermontane basin between
the Kunlun tectonic belt and the Burhan Buda Mountains on the Tibetan
Plateau with a lake elevation of 4431 m above sea level (a.s.l.). The
Kunlun Mountain range lies in the south, including glaciated peaks up to
5769 m a.s.l. high. The surface area of Lake Heihai is approximately
38.7 km? with a NW-SE length of 10.2 km, average SW-NE width of 3.8
km and a catchment of 730 km?. The Kunlun Fault in the south of the
lake catchment is a large strike-slip fault which triggered major earth-
quakes (Van Der Woerd et al., 2002; Li et al., 2005). However, its in-
fluence on lake-level changes of Lake Heihai was apparently
insignificant during the Holocene (Stauch et al., 2017; An et al., 2018a).
In contrast, river terraces in the region formed in response to Holocene
climate changes (Chang et al., 2017; An et al., 2018a, 2018b).

The catchment area in the south of Lake Heihai is dominated by
Permian to Triassic slates and schists with limestones, and Oligocene to
Miocene sandstones and conglomerates in smaller areas. The south-
eastern part of the catchment is occupied by Jurassic granites. Palae-
ozoic mafic rocks and Ordovician to Silurian sandstones and
conglomerates occur in the northern part of the lake. The lower catch-
ment regions are composed of unconsolidated Quaternary sediments
(Kidd et al., 1988).

The lake is drained by the outflow of the Kunlun River in its south-
east, which then feeds into the Golmud River in the Qaidam Basin (Wang
and Dou, 1998). Permafrost features are widely distributed in the
catchment area (Stauch et al., 2017; Zhang et al., 2021). Lake terraces

Fig. 1. The Tibetan Plateau, the location of
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record (Thompson et al., 1997; Yao, 1999), 5
- Buruo Co Lake (Xu et al., 2019), 6 -
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- Seling Co Lake (Gu et al., 1993), 8 -
Puruogangri Ice Core (Thompson et al.,
2006), 9 - Nam Co Lake (Zhu et al., 2008),
10 - Zigetang Lake (Herzschuh et al., 2006),
11 - Cuoe Lake (Wu et al., 2006), 12 - Ahung
Co Lake (Morrill et al., 2006), 13 - Lake
Heihai (this study), 14 - Dunde Ice Core 5'%0
and pollen records (Liu et al., 1998), 15 -
Koucha Lake (Mischke et al., 2008), 16 -
Hala Lake (Yan and Wiinnemann, 2014), 17

- Donggi Cona Lake (Mischke et al., 2010b),
18 - Yingpu Valley (Ou et al., 2014), 19 -
Kuhai Lake (Mischke et al., 2010c), 20 -
Naleng Lake (Kramer et al., 2010), 21 -
Genggahai Lake (Song, 2012), 22 - Qinghai

Lake (Shen et al., 2005), 23 - Nianbaoyeze peat bog (Schliitz and Lehmkuhl, 2009), 24 - Ximencuo Lake (Zhang and Mischke, 2009; Herzschuh et al., 2014), 25 -
Hailuogou catchment (Xu et al., 2016), 26 - Hongyuan peat bog (Hong et al., 2003), 27 - Zoige peat record (Zhao et al., 2011). C) Catchment topography of Lake
Heihai and position of core C2. Administrative areas are based on GADM, version 2.8, November 2015; Elevation based on Shuttle Radar Topography Mission (SRTM)

V4.1 data (Jarvis et al., 2008).
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Fig. 2. Field photographs of Lake Heihai in July 2011. A-C, views of the northern side of the lake. D, view of mountain front at the southern side of the lake. E and F,
streams flowing to the lake from the southeast and southwest, respectively. G, shallow swamps in the west of the lake. H, view of the lake from the southern shore. I,

sections of lake terraces on the southern side of the lake.

are distributed on the western, northern and southern shores of the lake
(Fig. 2, 1). Shallow swamps are present on the western margin (Fig. 2, G).
Alluvial fans dominate the lower regions of Lake Heihai’s catchment.
Two large alluvial fans in the west and southeast of the lake originate
from the partly glaciated main Kunlun Mountain range (Fig. 2E and F).
In the north of the lake, alluvial fans are covered by aeolian sand de-
posits (Stauch et al., 2017).

The climate in the region is cold and arid. The mean annual pre-
cipitation is approximately 360 mm (Maussion et al., 2014), while the
annual potential evaporation is significantly higher with approximately
900 mm. The mean January temperature at the Wudaoliang meteoro-
logical station (4780 m a.s.l.) ca. 50 km south of Lake Heihai is —16.2 °C,
and the mean July temperature is 6.2 °C (WorldClimate: http://www.
worldclimate.com/). The mean annual temperature is approximately
—8.0 °C (Maussion et al., 2014).

The arid climate system and high elevation of the study area are also
reflected by the vegetation, with alpine steppe dominated by Stipa pur-
purea and Carex moorcroftii (Zhang, 2007). Lake Heihai is regarded as

pristine lake due to its remoteness and low human impact by grazing and
tourism. Thus, the evolution of the lake system is mainly controlled by
natural climate conditions.

3. Materials and methods
3.1. General information on the investigated sediments

A sediment core C2 with a length of 670 cm was drilled at 22 m water
depth in 2011, using an UWITEC platform and a modified Livingstone
piston coring device. The sediments are light grey clayey silt from 670 to

610 cm, greyish silty sand from 610 to 570 cm, dark grey clayey silt from
570 to 185 cm, and laminated light greyish clayey silt from 185 to 0 cm.

3.2. Age-depth relationship and bulk sediment analysis

Lockot et al. (2015) worked on the chronology of the core and they
determined a large lake-reservoir effect of 6455 + 15 *C yr for aquatic

Table 1
Radiocarbon dates from Lake Heihai (Lockot et al., 2015).

Lab Number Depth (cm) Material Species 14C ka BP Cal ka BP Core Reference

Po0z-54598 13 Plant Potamogeton 5.60 + 35 6.37 Cc2 Lockot et al. (2015)
Poz-54596 68 Plant Potamogeton 6.22 + 40 7.12 Cc2 Lockot et al. (2015)
Poz-54605 91 Plant Potamogeton 6.76 + 40 7.62 C2 Lockot et al. (2015)
Poz-54597 113 Plant Potamogeton 6.33 + 70 7.26 Cc2 Lockot et al. (2015)
P0z-55272 134 Plant Potamogeton 7.18 + 50 8.00 PG Lockot et al. (2015)
P0z-49726 177 Plant Potamogeton 6.31 + 70 7.24 PG Lockot et al. (2015)
Poz-49727 227 Plant Potamogeton 6.56 + 40 7.47 PG Lockot et al. (2015)
Poz-55024 237 Plant Potamogeton 7.21 + 60 8.03 PG Lockot et al. (2015)
Poz-54599 240 Plant Potamogeton 6.67 + 40 7.54 C2 Lockot et al. (2015)
P0z-49728 266 Plant Potamogeton 8.43 + 50 9.46 PG Lockot et al. (2015)
Poz-55025 325 Plant Potamogeton 9.07 + 80 10.24 PG Lockot et al. (2015)
Poz-54600 362 Plant Potamogeton 9.98 + 50 11.44 Cc2 Lockot et al. (2015)
Poz-54604 413 Plant Potamogeton 16.18 + 120 19.53 C2 Lockot et al. (2015)
Poz-55026 468 Plant Potamogeton 13.31 + 90 16.01 PG Lockot et al. (2015)
Poz-54601 489 Plant Potamogeton 15.55 + 80 18.81 Cc2 Lockot et al. (2015)
Poz-49729 490 Plant Potamogeton 17.51 + 100 21.16 PG Lockot et al. (2015)
Poz-55027 564 Plant Potamogeton 10.22 + 60 11.93 PG Lockot et al. (2015)
Poz-49718 565 Plant Potamogeton 10.52 + 60 12.48 PG Lockot et al. (2015)
Poz-54602 637 Plant Potamogeton 14.22 + 100 17.31 Cc2 Lockot et al. (2015)
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plants (Potamogeton) from the modern lake. The age-depth relationship
was established using core C2 and a parallel shorter core PG containing
several inverse 1*C ages (Table 1), especially below a core depth of 365
cm. They concluded that the lake-reservoir effect must have changed
significantly through time and observed a correlation between the in-
verse ages and the input of allochthonous dolomite suggesting an impact
of 1*C-dead carbon from a limestone catchment. They established four
possible age-depth models (Fig. 3) based on the AMS 14¢ dates (Table 1)
for core sediments and estimated sediment-accumulation rates, verified
by magnetic inclination and declination data. From the combined age
limits of the four models, an age frame for the calibrated and
reservoir-corrected ages could be derived, which shows an increasing
uncertainty with increasing depth. In subsequent studies by Ramisch
et al. (2016, 2018), models 3 and 4, the maximum age estimation, were
selected as the most convincing solution given that first inferences were
compliant with the YD chronology (Walker et al., 2008, 2012; Cheng
et al., 2020). However, they limited their application to millennial scale
analysis due to the existing uncertainties of the age-depth models.

Based on the occurrence of a distinct sand layer between 610 and
572 c¢m core depth and its assignment to the widely identified YD period,
age-depth model 3 of Lockot et al. (2015) was also adopted here by
applying the sediment accumulation rates provided by Lockot et al.
(2015) in their Table 2 (shown as apparently erroneously named model
4 in their Fig. 5, see Fig. 3 in this study). In contrast, we did not follow
the more recently suggested age-depth model of Zhang et al. (2021) who
did not include lake-reservoir-effect based corrections of the original 14C
data and who defined the YD-Holocene boundary at 440 cm core depth
based on changes of organic matter and carbonate contents which we
consider insignificant at this specific stratigraphic level.

Total organic matter content (TOC) was determined by the anti-
titration method with dense sulfuric acid (HySO4) and potassium di-
chromate (KyCry07; Bao, 1999).

The carbonate content in sediments was analyzed by the gas volu-
metric determination “Scheibler method” (Tatzber et al., 2007). The
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Fig. 3. Lithology for core C2 and age-depth models 1-4 for Lake Heihai (Lockot
et al., 2015). The thicker, solid line indicates model 3 used in this study. Error
bars represent the calibrated 14c ages (Table 1), red for core C2 and blue for
core PG (data from Lockot et al., 2015). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)
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carbonate content was measured in a carbonate analyzer device by
reacting sediments with 1N hydrochloric acid (HCI) and measuring the
pressure of the produced CO,. Afterwards, the results were calculated as
volume data and then converted into carbonate contents. Errors are
lower than +1%.

Grain-size analyses were performed using a laser diffraction particle
sizer Mastersizer 2000 on 266 samples at a spacing of 2 or 3 cm, after
removal of carbonate and organic compounds by 10% HCl and 10%
Hy0, treatment, respectively. To avoid coagulation, sodium pyrophos-
phate (Na4P207 * 10H,0) was added, and the samples were then shaken
for several hours. Before measurements, every sample was divided into
eight subsamples and dispersed in an ultrasonic bath. At least three
subsamples were measured in each case and their grain-size distribution
was averaged.

The major mineral species of bulk sediment samples were identified
by X-ray diffraction (XRD) analysis (PW2403 X, Netherlands) at the Key
Laboratory of Western China’s Environmental System (Ministry of Ed-
ucation), Lanzhou University. Powdered sample aliquots were scanned
from 10° to 70° using Cu-Ka radiation (ca. 0.154 nm) with pipe voltage
at 40 kV and electricity at 60 mA. The scan step was 0.017°, and time
between steps was 0.12 s. The semi-quantitative percentage concentra-
tion of minerals was calculated by the ratio of the peak area of a single
mineral to that of all minerals. A scanning electron microscope (SEM;
Zeiss MERLIN Compact FE-SEM) was used to produce images of sedi-
ment samples from the core at the Key Laboratory of Petroleum
Resource Research, Northwest Institute of Eco-Environment and Re-
sources, Chinese Academy of Sciences. Sediment samples were glued on
an aluminum stub and coated with carbon.

We identified abundant authigenic carbonate in the lake sediments
with a SEM. Thus, stable isotope data of bulk carbonate from Lake
Heihai mainly reflect authigenic carbonate from the lake. The pre-
dominantly authigenic origin of carbonate in different lakes in western
China was similarly demonstrated by Zhang et al. (2013). The formed
carbonate type in these lakes is controlled by the water chemistry.
Higher carbonate contents are typically produced during warmer con-
ditions when precipitation is higher, resulting also in higher lake levels.
Magnesian calcite, dolomite and aragonite gradually form with
increasing salinity. The carbon and oxygen isotope composition of car-
bonates in lake sediments was proven as good indicator of lake water
chemistry, lake depth and residence time (Zhang et al., 2013a). The
comparable trends of the carbon and oxygen isotopic compositions of
bulk-sediment samples and ostracod shells in zones 2 to 5 show that the
stable isotope data for bulk carbonate can be used as reliable palae-
oenvironmental indicator in zone 1 where the amount of ostracod re-
mains was not sufficient to perform stable isotope analysis of shells
(Figs. 5 and 8).

Stable isotope analyses of bulk samples were carried out using a
Finnigan MAT 252 mass spectrometer (Thermo Fisher Scientific Co.) in
the State Key Laboratory of the Lanzhou Institute of Geology, Chinese
Academy of Sciences. For the analysis of the stable isotope data of the
carbonate (5180, and 8'3Cear), macroscopic remains of aquatic plants
and mollusks were first removed from the samples. Afterwards, the
samples were dried, powdered, and then placed into the vacuum system
and heated for 1 h at approximately 300 °C. The samples were then
reacted with 100% phosphoric acid in an 85-90 °C hot water bath for
approximately 1 h. The produced CO, was trapped in a cold finger with
liquid nitrogen. Then, the cold finger sample was moved to another cold
finger trap by soaking in an approximately —75 °C alcohol-liquid-
nitrogen bath to collect pure CO, before isotope ratios were measured
using the Finnigan MAT 252 mass spectrometer. The results are reported
in per mil relative to V-PDB by assigning a 5!3C value of +1.95%0 and a
5180 value of —2.2%o to the standard reference NBS 19. Reproducibility
was checked systematically by replicate analysis of a laboratory stan-
dard every ten measurements and is better than +0.2%o (106).
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3.3. Ostracod analysis

Samples of 1-2 cm thickness were taken from core C2 at intervals of
2-5.5 cm for ostracod analysis. The samples were freeze-dried and
weighed before sieving. Dry samples with average weights of 5-10 g
were disaggregated by 3% HyO for 48-72 h and washed with tap water
through 100 pm and 250 pm meshes. The sieve residues were washed to
plastic containers with 96% ethanol and dried in air. A minimum
number of 300 ostracod shells were randomly picked from the samples.
If sieve residues contained <300 ostracod shells, all ostracod shells were
picked for identification. All shells of adult ostracods from 274 samples
were picked from dried residues using a fine paint brush and a needle
under an Olympus binocular microscope for quantitative statistics. A
maximum of 485 shells were obtained from a sample of originally ~4 g
dry weight. The shells were identified to genus and species levels based
on publications by Meisch (2000), Van der Meeren et al. (2009) and
Mischke and Zhang (2011). A SEM (Zeiss Supra 40 VP Scanning Electron
Microscope at Freie Universitat Berlin, Germany) was used to determine
the marginal ripples on the posteroventral inner lamella of left Ilyocypris
shells; while the other species were identified under the binocular.
Ilyocypris cf. bradyi and Tonnacypris cf. estonica (Fig. 4) were identified
with reservation because of lacking confirmation by soft-part analysis.
Absolute abundances of ostracods were calculated and used for estab-
lishing five zones based on visual inspection (Fig. 6).

The ostracod-based transfer function for specific conductivity (SC) of
Tibetan Plateau lakes was applied to the ostracod percentage data from
core C2 (Mischke et al., 2007). This transfer function is based on
ostracod percentage abundances of surface-sediment samples from 100
lakes including Lake Heihai and accompanying SC readings. Recon-
structed SC values were calculated based on ostracod percentage data
for each investigated sample horizon using the software C2 (Juggins,
2003). Conversion of SC values to salinity data was done by applying a
conversion factor of 0.725 (Holting, 1992).

Samples for stable isotope analyses of ostracod shells were selected
from the picked shell materials. Stable oxygen and carbon isotope data
were measured for adult shells of either Leucocythere sp. or Limnocythere
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inopinata due to the lack of one species recorded throughout the entire
core. Two to nine adult shells of Leucocythere sp. and six to eight shells of
Limnocythere inopinata were used per sample, with the weight ranging
from 0.03 to 0.8 mg. The samples were reacted with 100% H3PO4 at
70 °C in an automated carbonate preparation device (KIEL IV) coupled
with a Finnigan MAT 253 IRMS at the GeoForschungsZentrum in Pots-
dam, Germany. Stable isotope data are expressed in the delta notation
relative to V-PDB (Peedee Belemnite) calibrated with NBS-19. The
analytical precision is better than +0.06%o (1) for oxygen and +0.04%o
for carbon isotopes. The resulting data were corrected to account for
species-specific differences in 613C05t and slsom values as a result of
vital effects in comparison to equilibrium precipitates (von Grafenstein
et al., 1999) and different microhabitat preferences of Leucocythere sp.
and Limnocythere inopinata (Mischke et al., 2010b; von Grafenstein et al.,
1999; Decrouy, 2013). The vital effects of Leucocythere sp. for 5§80
and 8'3Cy; values are —1.57%o and 1.08%o, respectively. The vital effects
of Limnocythere inopinata for 51805t and 513C,g values are 1.2%o and —1
to —3%o, respectively. Here, we used —2%o as the vital effect of Limno-
cythere inopinata with respect to 8'3Cygt values. The number of ostracod
shells was not sufficient to apply carbon and oxygen isotope analysis for
zone 1.

4. Results
4.1. Bulk sediment analyses

Total organic carbon (TOC) shows strong fluctuations in the lower
part of zone 1: the TOC content shows a rising trend in a range from 0.3
to 1.9% at the base of zone 1 from 667 to 610 cm, whilst it deceases
between 610 and 572 cm. Afterwards, the TOC content increases to the
top of zone 2 where TOC values vary from 1.8 to 4.8% with the median
of 2.7% in the core. The TOC contents decline from zone 3 to the lower
part of zone 5. The value increases at the upper part of zone 5 (Fig. 5).

The carbonate contents range from 8.0 to 75.0% with a median of
14.0% in zone 1. The value is low in the lower middle part of zone 1. The
carbonate content increases to the highest values of 75.0% near the top

Fig. 4. Ostracod shells from Lake Heihai. 1-3, Ilyo-
cypris cf. bradyi Sars, 2 and 3, left shell (L), internal
view (i); 3, marginal ripplets of Ilyocypris cf. bradyi,
enlargement of posteroventral area of specimen of
1.4, Eucypris afghanistanensis Hartmann, right shell
(R), i. 5, Tonnacypris cf. estonica Jarvekiilg, R, i. 6,
Neglecandona neglecta Sars, L, i. 7, Candona candida O.
F. Miiller, R, i. 8, Leucocythere sp., R, external shell
(e). 9, Limnocythere inopinata Baird, L, i. 10, Eucypris
mareotica Fischer, carapace in dorsal view. 11. Leu-
cocythere dorsotuberosa Huang, carapace in dorsal
view. 12, Leucocythere sp. carapace in dorsal view.
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Fig. 5. Contents of CaCO3 and total organic carbon (TOC), granulometric data, 5180, and 8'3C,q data of ostracod calcite, 580, and 5'3C,,, data of bulk sediments,
and boreal summer insolation intensities (summer solstice) at 35°N (Laskar et al., 2004). Md represents median grain size. Two ostracod species were used for the
stable isotope data of shells: Limnocythere inopinata (light grey crosses in the lower half), and Leucocythere sp. (dark grey rhombs). The black lines represent &80,
and §'3C,; values corrected for the species-specific differences between shells of Limnocythere inopinata and Leucocythere sp. Dashed lines represent the arithmetical
mean. Zonation according to ostracod abundance data. ISM and LIG stand for Indian Summer Monsoon and Latitudinal Insolation Gradient, respectively. The time
scale of boreal summer insolation intensities is equidistant.
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abundance-weighted SC averages of species occurrences (Zhang et al.,

of zone 1. In zone 2, the carbonate content shows a decline trend and
varies from 12.4 to 61.9% with 30.2% as median. The content slightly
increases to a median of 34.9% in zone 3, and decreases to medians of
29.7 and 22.5% in zones 4 and 5, respectively (Fig. 5).

The median grain sizes vary from 6.5 to 137.2 pm in zone 1. The
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2013). Zonation according to ostracod abundance data.

value of 137.2 pm as the maximum recorded at the depth between 610
and 572 cm, where clay and silt portions reach the lowest values,
respectively, change from 1.7% to 19.5% and from 17.0% to 68.6%;
meanwhile, the content of sand reaches the highest values in the core,
ranging from 11.9% to 81.3%. The median grain sizes are between 5.7
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and 27.2 pm in zones 2 to 5, where the contents of clay, silt and sand
vary from 5.7 to 37.9%, 53.4-83.8%, and 0.2-26.3%, respectively
(Fig. 5).

The 6180car values range from —8.8 to —1.9%o0 (median —4.5%o) in
zone 1 and from —7.8 to +2.2% in the zones above. The 8'3Cqqy values
include the minimum of —2.7%o in zone 1 and the maximum of +5.7%o in
zone 2 (Fig. 5).

The X-ray analysis of the lake sediment shows that the sediment is
mainly composed of quartz, feldspar, calcite and dolomite (Fig. 7).
Image analysis with a SEM revealed that authigenic carbonate grains are
abundant in the lake sediment (Fig. 7).

4.2. Ostracod analyses

The ostracod shells found in the studied samples of core C2 belong to
eight genera including ten species. Leucocythere sp. (previously identi-
fied as Leucocythere mirabilis by Mischke et al. (2007) and Leucocytherella
sinensis by Mischke et al. (2008), Eucypris mareotica (Fischer, 1855,
better known by its junior synonym Eucypris inflata Sars, 1930), Ilyo-
cypris cf. bradyi Sars, 1890 and Limnocythere inopinata (Baird, 1843) are
sporadically recorded in zone 1. Single shells of Tonnacypris cf. estonica
(Jarvekiilg, 1960) are recorded at the depth of 359 cm in zone 2 and 59
cm in zone 5, respectively. Limnocythere inopinata is abundant in zone 2
whereas Leucocythere sp. is dominant from zone 3 to zone 5. Negle-
candona neglecta (Sars, 1887) and Cyprideis torosa (Jones, 1850) only
occur in zone 3. Eucypris afghanistanensis Hartmann, 1964 has high
abundances in zone 4. Leucocythere dorsotuberosa Huang, 1982 is
recorded in zone 4 and zone 5. Single shells of Candona candida (O.F.
Miiller, 1776) occurred at 31 and 3 cm in zone 5. The ostracod species
composition shows a shift at 472 cm core depth (ca. 10.8 cal ka BP) with
a significantly increased diversity in the upper part (Fig. 6).

Calculated SC values based on the relative ostracod abundances and
the applied transfer function are mainly in a range from ca. 1500 pS
em ! (salinity: ca. 1.1%o) to 4900 uS cm™! (ca. 3.5%0). Maximum values
of 5616 pS cm ! (ca. 4.1%q) were determined for species assemblage
data from 264 to 243 cm (ca. 6.5 to 6.0 cal ka BP; Fig. 6).

The §'3C,g values for Leucocythere sp. in the lower (587-567 cm) and
the upper (261-3 cm) part of the core range from —3.78 to +2.41%o with
a median of —0.34%o. The slsoost values vary from —6.74 to +1.61%o
with a median of —2.65%o. The §!3Cog values for Limnocythere inopinata
in the middle of the core (467-265 cm) are in the range of —4.45 to
+3.92%0 with a median of —0.99%o; whereas their 5'80, values vary
between —4.52 and + 1.19%o with a median of —3.21%o (Fig. 5).

5. Discussion
5.1. The late glacial and Holocene evolution of Lake Heihai
5.1.1. Zone 1 (670-472 cm; before ca. 10.8 cal ka BP)

The TOC content, grain size and 5'80..r values increase at the base of
the zone (ca. 670-610 cm; ca. 13.7-12.9 cal ka BP; Fig. 5). Shells of
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Fig. 7. A, X-ray diffraction result of Lake Heihai sediments; and B, scanning
electron microscope images of sediments from Lake Heihai.
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Leucocythere sp., Ilyocypris cf. bradyi and Limnocythere inopinata occur
sporadically (Fig. 6). According to sub-recent records of Leucocythere sp.
from the Tibetan Plateau and adjacent areas (Mischke et al., 2007, 2008,
2010a, 2010b, 2010c; Zhang et al., 2013b, 2015), the taxon has a broad
SC-tolerance range. Leucocythere sp. is well-adapted to harsh biotopes. It
is a typical cold climate representative of Tibetan Plateau lakes (Mischke
et al., 2008). The high specific conductivity optimum and broad toler-
ance range of Leucocythere sp. reflect its common habitats, often affected
by rapid hydrochemical fluctuations (Mischke et al., 2007). Relatively
abundant shells of Leucocythere sp. in water bodies of the Kunlun
Mountain region were especially recorded in surface sediments from
shallow depths between 0.2 and 1.5 m and unstable seasonal pond sites
with an SC exceeding 2.8 mS em! (Zhang et al., 2013b). The
fine-grained sediments of zone 1 show that Lake Heihai already existed
at the core location. The sporadic occurrences of ostracod shells indicate
a low lake level and unstable hydrochemical conditions. Increasing TOC
contents probably result from climate warming in the region. We assume
that the increased evaporation driven by the temperature increase
possibly resulted in the fluctuation of the hydrochemical conditions of
the lake (Zhang et al., 2022).

Later on, decreasing TOC contents between 610 and 572 cm (ca.
12.9-12.3 cal ka BP) probably indicate lower lake productivity and
colder conditions (Fig. 5). Leucocythere sp., as a salt-tolerant and typical
cold climate species, probably indicates a more saline lake environment.
An even lower lake level during a drought period is indicated by the
dominating sand fraction in this part of the core, which accounts for
56.2% on average of the carbonate-free sediment. The reduction of
vegetation in the catchment area under cold and dry climate conditions,
the lowered soil water conservation capacity, the decline of the lake
level and resulting shorter distance between the core location and the
lake shore, as well as the enhanced hydrodynamic conditions at shal-
lower water depth probably contributed to the significant increase in the
load of coarse detrital particles which entered the lake (Liu et al., 2003;
Wu and Shen, 2010). The carbonate content decreases to the lowest
value at the depth of 590 cm (ca. 12.6 cal ka BP; Fig. 5). The slgow
values drop from the previous period and reach lowest values in the core
(—6.9%0 on average), and increase significantly later on. This increase
probably results from stronger evaporation effects. The core site was
possibly close to the lake shore or even above from time to time during
the period from ca. 12.9-12.3 cal ka BP. Lake Heihai shrank and turned
into a saline lake with minor inflowing streams which resulted in sand
accumulation at the core location. This period corresponds to the global
cold YD phase (Cheng et al., 2020) which occurred during the Last
Glacial Termination.

After ca. 12.3 cal ka BP, the significantly rising TOC and carbonate
contents possibly suggest increased temperatures resulting from higher
solar irradiance at the glacial-Holocene transition (Fig. 5). Shells of
Ilyocypris cf. bradyi, Limnocythere inopinata, Leucocythere sp. and the sa-
line water species Eucypris mareotica are recorded occasionally with low
abundances (Fig. 6). Lake-level changes were probably accompanied by
substantial hydrochemical and physical fluctuations. We may assume
that the significant increase of slsom, carbonate content and TOC
values resulted from larger evaporation effects with an increasing resi-
dence time of the lake water during a steady lake-level rise whilst the
more or less stable values since ca. 11.5 cal ka BP represent the
adjustment to a newly developed higher lake level. Generally, the lake
productivity increased as a result of rising water temperatures in zone 1
(Fig. 5).

5.1.2. Zone 2 (472-283 cm; ca. 10.8-7.0 cal ka BP)

Continuously high TOC contents in zone 2 suggest relatively high
lake productivity and relatively warm conditions. The carbonate content
shows a decreasing trend. The sand content decreases mostly apart from
the uppermost section of zone 2, whilst the silt content shows the
opposite trend (Fig. 5). These changes probably indicate a high lake
level and wet conditions. Ostracod shells become abundant and
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Fig. 8. A, 513C,t versus 8'3Ce,, values; and B, 8180, versus §'80.,, values.

constantly present in the zone. The euryhaline species Limnocythere
inopinata dominates, accompanied by low abundances of Eucypris
afghanistanensis, Ilyocypris cf. bradyi, Eucypris mareotica and Leucocythere
sp. A single shell of Tonnacypris cf. estonica is recorded at 359 cm depth
(Fig. 6). Limnocythere inopinata is one of the most widespread species in
water bodies of the Tibetan Plateau (Mischke et al., 2002, 2003a, 2003b,
2007; Li et al., 2010). Although it has broad tolerances to important
environmental factors such as water temperature, habitat type, water
depth and salinity (Meisch, 2000), it is regarded as a summer and a
polythermophilic species (Yin and Geiger, 1996; von Grafenstein et al.,
1999; Meisch, 2000). It thrived best at 20 °C in laboratory culturing
experiments recorded by Yin et al. (1999). Its dominance supports our
assumption of relatively warm conditions between ca. 10.8-7.0 cal ka
BP. Transfer-function inferred SC values range from 2648 to 4405 pS
cm ™}, which represents an estimated salinity range from 1.9 to 3.2%o.
Thus, Lake Heihai was probably an oligohaline lake during the forma-
tion of zone 2.

In zone 2, the slsoost and 613Cost values are lower than the 61800-ir
and 8'3C.,, values. We assume that the shells of the polythermophilic
and bottom-dwelling species L. inopinata were mostly formed in summer
at warmer water temperatures (Pérez et al., 2013) in contrast to inor-
ganic carbonate which formed not only in summer but also during the
rest of the year when water temperatures were colder.

The 880, values fluctuate rapidly in the middle of zone 2 reflecting
strong salinity variations due to the changing ratio of evaporation and
inflowing water (Fig. 5). A high lake level is inferred during this period
in the early-middle Holocene. The relatively high insolation, on one
hand, probably led to rising temperatures and an increased land-sea
thermal contrast which strengthened the monsoon and caused more
precipitation in the catchment, whilst, on the other hand, the temper-
ature increase also enhanced the melting of snow and ice in the upper
catchment which caused higher meltwater runoff (Fig. 5). The lower
618005t and 6180car values in the lower part of zone 2 probably reflect the
increasing summer monsoon precipitation and runoff resulting from
higher contributions of melt water from ice, snow and frozen ground in
the catchment. The clay fraction is higher in the lower part of zone 2
probably indicating the higher contribution of glacial rock flour from
melting glaciers in the catchment.

The lake level was highest at ca. 10.8-7.0 cal ka BP with warmer and
wetter conditions due to a strengthened summer monsoon.

5.1.3. Zone 3 (283-185 cm; ca. 7.0-4.5 cal ka BP)

The increased carbonate content and the decreased TOC content in
zone 3 indicate cold conditions. The clay-sized clastic fraction increases
(Fig. 5), probably resulting from advancing glaciers in the catchment
and increased meltwater contribution from the lower parts of mountain
areas to the lake.
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Ostracod shells were not recorded at the base of zone 3 from ca. 7.0
to 6.6 cal ka BP., which possibly indicates prevailing unfavorable con-
ditions. Leucocythere sp. occurs later on with relatively high abundances
accompanied by a few shells of L. inopinata. The abundance of Leuco-
cythere sp. decreases to the upper part of the zone, culminating in the
replacement of Leucocythere sp. by shells of the brackish-water species
Cyprideis torosa (recorded as the smooth-shelled form C. torosa cf. lit-
toralis), and shells of Neglecandona neglecta between 211 and 196 cm
core depth (ca. 5.2 to 4.8 cal ka BP; Fig. 6). Cyprideis torosa is widely
recorded in brackish coastal waters throughout Europe, but it also oc-
curs in continental water bodies of northern Africa, the Mediterranean
region, North America and in arid Central Asia. Its salinity tolerance
ranges from almost freshwater to hyperhaline habitats but it achieves
largest abundances within 2-16.5%., which is equivalent to 1450 to
12,000 pS cm ! (Meisch, 2000). The species dominates in water bodies
with SC values exceeding 5000 pS cm ™' and with high K and low Ca
concentration in Israel (Mischke et al., 2010d). It was frequently
recorded in surface and sediment-core samples from Bosten Lake in
Xinjiang (Mischke and Schudack, 2001; Mischke and Wiinnemann,
2006). However, it is not a common species on the Tibetan Plateau
where it was only recorded with relatively low abundances from the
middle Pleistocene Quan Ji section in the Qaidam Basin, and the Ho-
locene sediments of Kuhai and Eastern Juyanze lakes in its northeastern
part (Mischke et al., 2003a, 2003b, 2006, 2010c). Neglecandona neglecta
was recorded frequently in Ulungur and Bosten lakes in Xinjiang Prov-
ince and also in lakes of the Tibetan Plateau (identified as Candona
neglecta, Mischke et al., 2002, 2007; Mischke and Wiinnemann, 2006;
Mischke and Zhang, 2011). A SC optimum of 1300 pS cm ™! was deter-
mined from six water bodies in Tibetan Plateau (Mischke et al., 2007).

Transfer-function based SC values range from 4705 to 5616 pS cm ™},
equal to a salinity from 3.4 to 4.1%o, 4.0%o0 on average, which represents
a rise compared to zone 2 (Fig. 6). The inferred higher salinity is sup-
ported by the monospecific occurrence of Leucocythere sp. in most
samples of zone 3 because the species has relatively high conductivity
optima of 7700 and 11145 pS cm ™%, reported by Mischke et al. (2007)
and Zhang et al. (2013b), respectively. The 5180, values increase and
are above average probably reflecting the evaporative concentration of
lake water and relatively arid conditions compared to zone 2. The
5180qr values increase in the lower third of the zone with values ranging
from —2.8 to +0.5%o, and they remain stable afterwards and higher than
those of zone 2. The 8'3Ce, and 8'3Cyg; values are lower than those of
zone 2, which probably indicates that the isotopic fractionation between
lake-water CO%~ and atmospheric CO;, is weaker in zone 3 due to
decreased temperatures (Leng and Marshall, 2004; Myrbo and Shapley,
2006).

A decline in lake level and increase in lake-water salinity as a result
of prevailing relatively cold and dry conditions is inferred for the period



W. Zhang et al.

from ca. 7.0-4.5 cal ka BP.

5.1.4. Zone 4 (185-80 cm; ca. 4.5-2.0 cal ka BP)

The TOC and carbonate contents, the sand fraction and 613C05t values
decrease from the base of zone 4 to ca. 175 cm core depth (ca. 4.5-4.3
cal ka BP; Fig. 5) suggesting that conditions were colder and the pro-
ductivity was lower (von Grafenstein et al., 1999; Mischke et al., 2008;
Li and Liu, 2014). The cold-climate representative Leucocythere sp.
clearly dominates, accompanied by Ilyocypris cf. bradyi from ca. 4.3-3.5
cal ka BP and ca. 3.0-2.5 cal ka BP. Ilyocypris bradyi is a Holarctic species
which was recorded as an abundant species in running water habitats,
such as springs, streams and other slowly flowing waters (Mezquita
et al., 1999; Meisch, 2000; Mischke et al., 2005; Mischke and Zhang,
2011). Shells of I cf. bradyi were also more frequently recorded from
running water habitats in the Qilian Mountains (Mischke et al., 2003b).
Thus, the occurrence of I. cf. bradyi in the Lake Heihai record probably
represents a mixture of shells which originated from inflowing streams
and littoral lake waters. In addition, a few shells of Eucypris afghanista-
nensis are recorded at 175 cm depth (Fig. 6).

The carbonate content increases steadily from 175 to 145 cm (ca.
4.3-3.5 cal ka BP; Fig. 5) accompanied by slight increases of the 613Ccar
values and the sand fraction, possibly as response to higher productivity
in the warmer waters of a shallower lake and the influx of detrital sed-
iments from inflowing streams. Leucocythere sp. is frequently recorded in
this part of zone 4, with highest abundances before ca. 3.5 cal ka BP. The
abundance of Ilyocypris cf. bradyi increases significantly too. The higher
numbers of I cf. bradyi from ca. 4.3 to 3.5 cal ka BP indicate that the core
location in Lake Heihai was influenced by nearby inflows.

From 145 cm to the top of the zone at 80 cm (ca. 3.5-2.0 cal ka BP;
Fig. 5), the TOC and carbonate contents and the 513C.ar values decrease,
whilst the clay fraction and the 613C05t values increase, indicating lower
productivity due to colder conditions and a relatively higher influx of
glacially-derived clastic sediment from advancing glaciers. The total
ostracod abundance dropped between 145 and 125 c¢cm (ca. 3.5-3.0 cal
ka BP; Fig. 6). Afterwards, the ostracod assemblage is mostly dominated
by Leucocythere sp. apart from the period from ca. 3.0 to 2.8 cal ka BP
when I cf. bradyi reached high numbers again, probably as a result of
inflows near the core location. In addition, Leucocythere dorsotuberosa
occurs consistently in this upper part of zone 4 and reaches a higher
number at 125 cm (ca. 3.0 cal ka BP), whilst Eucypris afghanistanensis
and Limnocythere inopinata were only recorded in a few samples with low
abundances (Fig. 6). Leucocythere dorsotuberosa has been only recorded
from the Tibetan Plateau and adjacent mountain ranges and it is prob-
ably restricted to this high-altitude region (Mischke et al., 2007; Frenzel
et al., 2010; Zhang et al., 2013b). Shells of L. dorsotuberosa occur at
twelve surface-sample locations in Lake Heihai with relatively low SC in
a range from 0.6 to 1.8 mS cm ™! (equal to salinity ranging from 0.4 to
1.3%o). It typically reaches higher abundances at larger depth (>26 m) in
Lake Donggi Cona although it was also reported from shallower loca-
tions (0.6-2.0 m; Mischke et al., 2010a). According to Akita et al.
(2016), L. dorsotuberosa tolerates fresh to oligohaline waters with
salinity up to 10%o, and it is characterized as cold stenothermal.

The higher 5180, values and the low ostracod numbers from ca.
3.5-3.0 cal ka BP probably indicate that cold, unfavorable conditions
prevailed (Figs. 5 and 6). Slightly lower 6180car values accompanied by
an increasing fraction of clay-sized particles after ca. 3.0 cal ka BP either
suggest that the net-water input increased or/and evaporation effects
weakened, or that the meltwater contribution increased. Considering
the decreasing TOC and 5'80,,, values, the increasing clay-sized clastic
fraction and the ostracod-assemblage data after ca. 3.5 cal ka BP
together, we suggest that the contribution of meltwater from advancing
glaciers under colder conditions was higher and that evaporation effects
were reduced. The decrease in lake-water recharge and the decline of the
lake level under cold conditions were assumed.

According to the results of the transfer-function application, the
estimated SC fluctuated in a range from 1512 to 5616 pS cm ™, 2392 S
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cm ! on average (equal to a salinity ranging from 1.1 to 4.1%, 1.7%o on
average; Fig. 6), which is lower than those inferred for zone 3. The
maximum estimate of 5616 pS cm ™" results from a single sample at 172
cm core depth near the base of the zone (ca. 4.2 cal ka BP), where a
monospecific ostracod assemblage of Leucocythere sp. was recorded.

The 580, values in zone 4 are generally comparable to those of the
81804, values (Fig. 5). The similarity suggests that the water column of
Lake Heihai was well mixed and that the lake was probably shallow
(Mischke et al., 2008). Colder temperatures probably led to lower pre-
cipitation in the catchment and to a relatively increased accumulation of
snow and ice, so that runoff to the lake was decreased, resulting in a
lower lake level during the formation of zone 4. However, the inference
of colder temperatures during the formation of zone 4 is not supported
by significantly higher 180 and 5'80y,; values in comparison to those
of previous zones. The expected temperature-controlled increase in
618005t and 6180Car values was apparently counterbalanced by lowered
5180 values of incoming precipitation in the catchment and by reduced
evaporation effects on the lake waters under colder conditions. We as-
sume that the lake level continuously dropped from zone 3 to zone 4,
and that the core site was possibly relatively close to nearby inflows and
the lake shore during most of the time.

5.1.5. Zone 5: (80-0 cm; ca 2.0-0 cal ka BP)

The TOC decreases from the base of the zone to ca. 50 cm core depth
(ca. 2.0-1.2 cal ka BP; Fig. 5). The carbonate content increases first and
decreases afterwards. The clay fraction increases in the same part of
zone 5 whilst the sand fraction shows the opposite trend. The §'Ce,r and
23180&lr values and the silt fraction remain more or less stable between
the base of zone 5 and ca. 50 cm core depth. Leucocythere sp. dominates,
accompanied by Leucocythere dorsotuberosa and Ilyocypris cf. bradyi. A
single shell of Tonnacypris cf. estonica is recorded at 59 cm depth (Fig. 6).
Colder climate conditions and advancing glaciers are inferred for the
period from ca. 2.0 to 1.2 cal ka BP.

Above 50 cm depth (after ca. 1.2 cal ka BP), the TOC content in-
creases steadily accompanied by a slight increase of the §'3Cy values.
The clay and sand fractions first decrease and they remain more or less
constant above whilst the silt fraction increases first and shows stable
values near the top of the core. The abundance of the freshwater-
indicating species Leucocythere dorsotuberosa is higher although Leuco-
cythere sp. still dominates. A few shells of Candona candida are recorded
at 31 cm and 3 cm, respectively (Fig. 6). The slightly higher TOC con-
tents and lowered §'80., and 880, values above 50 cm probably
indicate warmer conditions and a higher lake level as result of higher
runoff entering the lake.

Transfer-function inferred SC estimates are slightly higher between
ca. 2.0 to 1.2 cal ka BP (from 1958 to 2903 pS cm ™}, 2545 pS cm™! on
average; Fig. 6) than those after ca. 1.2 cal ka BP (from 1944 to 2882 pS
em™!, 2385 uS cm ! on average). The water level of Lake Heihai was
lower between ca. 2.0 to 1.2 cal ka BP, accompanied by a higher salinity
of lake water. Afterwards, the lake level rose and salinity decreased. The
lake was mainly supplied by runoff from glacial meltwater (Ramisch
et al., 2016).

5.2. Comparison with other records from adjacent areas of the Tibetan
Plateau

Lake Heihai was probably a closed lake until about 10.8 cal ka BP,
with cold and dry conditions during the period from ca. 12.9-12.3 cal ka
BP and higher temperatures before and afterwards. Although the chro-
nology of the Lake Heihai record from this section requires improve-
ments, the inferred phase of cold and dry conditions during ca.
12.9-12.3 cal ka BP is in agreement with a number of palaeoclimate
records from the northern hemisphere including records from the Ti-
betan Plateau (Shen et al., 2005; Walker et al., 2008, 2012; Opitz et al.,
2012; Ramisch et al., 2018; Cheng et al., 2020). The onset of the
Greenland Stadial 1 (i.e., the YD in the North Atlantic and northern
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Europe), and its termination and the beginning of the Holocene are
defined as ca. 12.9 and 11.7 cal ka BP, respectively, based on speleothem
and ice-core oxygen-isotope data and other proxy records (Walker et al.,
2008, 2012; Cheng et al., 2020). The cold phase recorded at Lake Heihai
between ca. 12.9 and 12.3 cal ka BP is well in accordance with the YD
period. Evidence for similar climate deterioration was recorded between
12.5 and 11.7 cal ka BP at Lake Naleng (Kramer et al., 2010). Compa-
rable colder and drier conditions were also inferred as a slightly later
period from other records from the Tibetan Plateau: during 12.2-10.9
cal ka BP in the Guliya ice core (Thompson et al., 1997; Yao, 1999), and
during 11.8-11.2 cal ka BP from Hongyuan peat bog (Hong et al., 2003;
Fig. 9). They were also detected at Sumxi Co and Longmu Co lakes be-
tween 10.5-9.9 1#C ka BP (uncalibrated; Fontes et al., 1993), at Seling Co
Lake between 10.8-10.0 'C ka BP (Gu et al., 1993), at Qinghai Lake
between 11.3 and 10.8 cal ka BP (Shen et al., 2005), and at Lake
Ximencuo culminating at ~10.6 cal ka BP (Zhang and Mischke, 2009).
In contrast, an earlier cold and dry period was inferred from Lake Donggi
Cona between 13.4 and 11.9 cal ka BP (Mischke et al., 2010b). The
coincidence of the cold period recorded at Lake Heihai and the
Greenland Stadial 1 suggests that the cold-dry YD period in the North
Atlantic region probably influenced the Tibetan Plateau through a
strengthened westerly circulation and the enhanced transport of cold
and dry westerly air masses to Central Asia during summer. However,
the significant differences in the determined timing of its onset and
termination probably result from: 1) regional differences in response to
global rapid climate change, 2) the different sensitivity of catchment
systems and proxies to climate and environmental changes, and 3)
insufficient chronological precision of the records partly reflecting the
diversity of materials used for dating.
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Warmer and wetter conditions with a highest lake level are inferred
for Lake Heihai in the early-middle Holocene from ca. 10.8-7.0 cal ka
BP. This result is well in accordance with warmest conditions inferred
from Lake Bangong Co between 9.6-6.3 1#C ka BP (calibrated age ca.
10.9-7.6 cal ka BP) and Lake Ximencuo from 10.4-6.0 14¢C ka BP (ca.
10.4-5.0 cal ka BP; Gasse et al., 1996; Zhang and Mischke, 2009;
Herzschuh et al., 2014). There are also climate records from the Tibetan
Plateau which indicate a significantly earlier establishment of warm and
wet conditions: 12.8-7.1 cal ka BP at Lake Kuhai, 10.0-4.2 14C ka BP (ca.
11.6-5.8 cal ka BP) at Lake Seling Co, 11.5-7.2 36Cl ka BP at the Guliya
ice cap, 9.9-6.0 14C ka BP (ca. 11.5-7.6 cal ka BP) at Sumxi Co-Longmu
Co lakes, 11.5-6.0 cal ka BP at the Hongyuan peat sequence, and
11.4-6.3 cal ka BP at Lake Genggahai (Fontes et al., 1993; Gu et al.,
1993; Gasse et al., 1996; Thompson, 2000; Hong et al., 2003; Zhang and
Mischke, 2009; Mischke et al., 2010c; Qiang et al., 2017). A wet climate
and stronger summer monsoon between 10.0 and 4.8 cal ka BP were
suggested based on high A/C ratios and pollen concentrations from
Dunde ice core (Liu et al., 1998). A significant and abrupt temperature
increase at ca. 10.4 cal ka BP and highest precipitation during the first
half of the Holocene (10.4-5.0 cal ka BP) were reconstructed for Lake
Ximencuo at the eastern margin of the Tibetan Plateau based on pollen
data (Herzschuh et al., 2014). Warmer conditions during the first half of
the Holocene were also recorded at lakes Qinghai, Hurleg, Hala and
Donggi Cona (with the periods of 10.8-4.5 cal ka BP, 11.1-4.8 cal ka BP,
11.5-7.5 cal ka BP and 11.9-6.8 cal ka BP, respectively; Shen et al.,
2005; Mischke et al., 2010b; Yan and Wiinnemann, 2014; Ma et al.,
2021; Fig. 9). According to Zhang et al. (2021), inflow of glacial melt-
water to Lake Heihai increased significantly after 11 cal ka BP and
reached a maximum ca. 9 cal ka BP. Afterwards, meltwater inflow
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Fig. 9. Comparison of selected palaeoclimatic records for the Tibetan Plateau. Sites are arranged from west to east. References are provided in the caption of Fig. 1.
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remained high until ca. 5.5 cal ka BP (Zhang et al., 2021). They also
suggested that permafrost thawing in the catchment area and thermo-
karst processes in the lake basin played an important role for the water
depth changes of Lake Heihai. However, the contribution of thawing
permafrost to the water budget of the lake is controlled by various fac-
tors such as the specific climate conditions including seasonality
changes, the rate and depth of permafrost thawing, and the local litho-
logical and hydrological conditions (Jin et al., 2007, 2019; Zhao et al.,
2019; Zhu et al., 2019). We argue that higher temperatures in the
early-middle Holocene caused higher monsoonal precipitation in the
catchment area and enhanced glacial meltwater discharge to the lake
which both contributed to the reconstructed lake-level rise (Stauch
et al.,, 2017). Lake Heihai is currently at the edge of the summer
monsoon transition zone. The summer monsoon penetrated probably
further to the northwest during the early-middle Holocene when inso-
lation was significantly higher than today (Shen et al., 2005; Mischke
et al.,, 2010b; Fig. 5). In general, the summer monsoon reached the
northern, eastern and southern parts of the Tibetan Plateau during the
early to middle Holocene although some spatio-temporal asynchronism
occurred probably as a result of (1) the complex interplay of the East
Asian and Indian summer monsoons, and the westerlies, (2) locally
different effects of the temperature increase on the precip-
itation/evaporation ratio, and (3) different hydrological response times
of individual, partly glaciated catchment areas. In addition, discrep-
ancies between chronologies probably evolve from dating uncertainties
such as unknown or poorly constrained lake-reservoir effects on radio-
carbon dating.

Cold and dry conditions prevailed from ca. 7.0 to 4.5 cal ka BP,
which is consistent with numerous records from the region. According to
pollen records from the northwestern and northeastern parts of the Ti-
betan Plateau, cold and dry conditions culminated ca. 7.5-6.0 cal ka BP
(Kong and Du, 1990; Sun et al., 1993; van Campo and Gasse, 1993). Dry
climate was suggested based on diatom and pollen records from Lake
Sumxi between 5.5 and 4.3 #C ka BP (ca. 6.3-5.1 cal ka BP; van Campo
and Gasse, 1993). Schliitz and Lehmkuhl (2009) inferred a cooling phase
since 5.9 cal ka BP from their Nianbaoyeze peat record. In the central
Tibetan Plateau, cool-dry conditions were inferred from Lake Cuoe be-
tween 5.8 and 4.0 cal ka BP, and decreasing precipitation since 7.5 ka
from Ahung Co (Morrill et al., 2006; Wu et al., 2006). In the Guliya ice
core, a cooling event was recorded around 5.0 36Cl ka BP (Yao et al.,
1997). Herzschuh et al. (2014) reconstructed a temperature decrease of
about 3 °C at 5.0 cal ka BP based on their pollen data from Lake
Ximencuo. Decreasing strength of the summer monsoon and the estab-
lishment of arid conditions after 5.5 cal ka BP was recorded from the
Hongyuan-peat record (Hong et al., 2003). A weakened summer
monsoon was recorded after ca. 5.0 cal ka BP in the western and after ca.
4.0 cal ka BP in the central parts of the Tibetan Plateau too (Shen and
Tang, 1996). Therefore, significant mid-Holocene climate deterioration
was widely recorded from the Tibetan Plateau region. Widespread drier
conditions in the middle Holocene resulted from a weakening influence
of the summer monsoon.

The middle Holocene climate instability including several cold pe-
riods is also inferred from the deposits and landforms of glaciers and
especially from related ice margins on the Tibetan Plateau. Although the
Asian monsoon precipitation is regarded as a major driver of glaciation
in the Himalaya, the northeastern Tibetan Plateau and the Karakoram
Mountains of Pakistan (Finkel et al., 2003; Owen et al., 2003; Gayer
et al., 2006), Rupper et al. (2009) emphasized that glacial advances in
the Himalaya during the early to mid-Holocene were influenced both by
monsoon precipitation and temperature changes. Decreased summer
temperatures resulted from an increase in cloudiness and an increase in
evaporative cooling, and triggered the early-mid Holocene glacier ad-
vances (Rupper et al., 2009). Some studies suggest that glaciers on the
Tibetan Plateau are apparently more sensitive to temperatures (Yao
et al.,, 2012; Ou et al., 2014; Sati et al., 2014). For example, glacier
advances were recorded at 7.5-4.5 ka BP (OSL ages) during an arid

56

Quaternary International 643 (2023) 46-60

phase in the Dunagiri Valley in the western part of the Himalayas (Sati
et al., 2014). Thus, Holocene local glacier fluctuations resulted from a
combination of temperature and precipitation changes but cooling was
probably the main factor of the Holocene glacier advances (Sati et al.,
2014). A local and regional glacial stage of 6.9-4.3 1°Be ka BP was
inferred for the western Himalayan-Tibetan region. Denton and Karlén
(1973) termed the period from 5.8 to 4.9 cal ka BP as the second new ice
age with advances of all mountain glaciers in the northern and southern
hemispheres. Dortch et al. (2013) summarized and recalculated °Be
dates from 645 glacial landforms from the western Himalayan-Tibetan
orogen, and they concluded that glacier advances after 21 ka were
broadly associated with westerly winds. Thus, glacial dynamics in the
western Himalayan-Tibetan orogen were probably related to cold events
on the northern hemisphere and changes of global ice volumes. Most
glacier advances since the last glaciation correspond to periods of low
temperatures. Yi et al. (2008) suggested that the timing of Holocene
glacier advances was synchronous with cooling periods identified in the
5'%0 records of ice cores from the Tibetan Plateau. The low oxygen
isotope values in the Guliya ice core record after 7 36Cl ka BP indicate
the onset of cold conditions leading to a gradual decline in the Indian
Summer Monsoon (Thompson et al., 1997). The middle Holocene glacier
advances in the northwestern part of the Himalayan-Tibetan orogen
were attributed to the reduced northern hemisphere insolation and
southerly-shifted westerly belts (Saha et al, 2018; Fig. 9).
Insolation-driven cooling probably increased the influence of the
mid-latitude westerly circulation, and triggered glacier advances in the
catchment of Lake Heihai between 7.0 and 4.5 cal ka BP (Yao et al.,
2012; Stauch et al., 2017).

Lake Heihai was characterized by a lower water level under colder
conditions during the late Holocene between ca. 4.5 and 2.0 cal ka BP.
The influx of glacially derived clastic sediments increased significantly
during this period, probably as a result of glacier advances and the
enhanced glacial meltwater contribution in comparison to catchment
precipitation in the region (Owen et al., 2006). Cold conditions in the
late Holocene probably corresponded to a weakening of the Indian
Summer Monsoon triggered by the gradual decrease of boreal summer
insolation (Ramisch et al., 2016; Fig. 5). The climate deterioration
during this period is consistent with records from elsewhere in the re-
gion. Evidence from most parts of the Tibetan Plateau suggests that the
late Holocene climate was cold and dry (Shen et al., 2005; Mischke et al.,
2008; Zhang and Mischke, 2009; Opitz et al., 2012; Xu et al., 2019).
Abrupt climate events were reported by Morrill et al. (2003) for
monsoon-influenced regions at approximately 4.5 cal ka BP. Dry climate
was suggested based on pollen records from the Zoige Basin between 4.7
and 2.0 *C ka BP in the eastern Tibetan Plateau (ca. 5.4 to 2.7 cal ka BP,
Zhao et al., 2011). The pollen record from the Dunde ice core from the
northern Tibetan Plateau implied a cold period from 2.7 to 2.2 cal ka BP
(Liu et al., 1998). Records from the northeastern and eastern parts of the
Tibetan Plateau show that dry and cold conditions prevailed after 4.5
and 4.3 ka BP at Lake Qinghai and Lake Donggi Cona, respectively,
between 4.3 and 2.0 cal ka BP at Lake Koucha and between 4.2 and 2.8
cal ka BP at Lake Ximencuo (Shen et al., 2005; Mischke et al., 2008;
Zhang and Mischke, 2009; Opitz et al., 2012). Correspondingly, a low
lake level was reconstructed from Lake Luanhaizi (Herzschuh et al.,
2005). Dry and cold conditions and enhanced westerlies during 4.0-1.3
cal ka BP were suggested from Lake Buruo Co on the northern Tibetan
Plateau (Xu et al., 2019).

Glacier advances were reported from the northeastern and eastern
parts of the Tibetan Plateau after 4.5 cal ka BP (Ou et al., 2014; Xu et al.,
2016; Qiang et al., 2017). Three late Holocene glacial advances in the
Hailuogou catchment were simulated by a quantitative reconstruction
(Xu et al., 2016). Regional glacial stages of 3.8, 3.1 and 2.5 cal ka BP
were inferred from Lake Genggahai (Qiang et al., 2017). Approximately
2-km long glacier advances occurred in the Yingpu Valley during the
Late Holocene (Ou et al., 2014). Cold conditions were also indicated by
low 5'80 values between 4.0 and 2.7 cal ka BP and 3.8-2.4 cal ka BP in
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the Puruogangri and the Guliya ice-core records from the central and
northwestern Tibetan Plateau, respectively (Thompson et al., 1997,
2006).

The cold conditions in the Lake Heihai region from ca. 2.0 to 1.2 cal
ka BP are consistent with inferences from a number of sites on the Ti-
betan Plateau. According to lake sediment records, cold conditions
prevailed from 1.7 to 1.3 cal ka BP at Lake Ximencuo (Mischke and
Zhang, 2010), 1.9-1.7 cal ka BP at Lake Buruo Co (Xu et al., 2019),
1.7-1.1 cal ka BP at Lake Kalakuli (Liu et al., 2014) and 1.7-1.5 cal ka BP
at Lake Nam Co (Zhu et al., 2008). Cold periods were also recorded by
peat deposits from the Nianbaoyeze Mountains and Hongyuan at 1.5 and
2.0 cal ka BP, respectively (Schliitz and Lehmkuhl, 2009; Zheng et al.,
2011). Cold spells during this part of the late Holocene were also
inferred from the deposits of glaciers, such as those in the Muztag Ata
and Kongur Shan region, and from the Guliya and Dunde ice cores (Yao
and Thompson, 1992; Thompson et al., 1997; Seong et al., 2009). The
pollen records from Zoige Basin and Lake Zigetang implied a cold period
at 2.4-1.3 cal ka BP and 1.4-1.1 cal ka BP, respectively (Herzschuh
et al., 2006; Zhao et al., 2011).

Slightly warmer conditions afterwards inferred from our record have
been reported from a wide region on the Tibetan Plateau too. A rela-
tively warm and wet climate was recorded in the Zoige Basin from 1.3 to
0.5 cal ka BP according to the pollen record of Zhao et al. (2011). The
onset of warmer conditions since the early 20th century was inferred
from higher 580 values in the Guliya, Dunde, Dasuopu and Puruogangri
ice cores (Thompson, 2000; Thompson et al., 2006). Our inference of a
warm period after ca. 1.2 cal ka BP is in contrast to the cold and dry
conditions recorded from 2.5 to 0 cal ka BP at Qinghai Lake (Shen et al.,
2005). The conflicting inferences probably result from different sensi-
bilities of regions at lower and higher altitudes to warming (Yao et al.,
2012). According to observational data from the Tibetan Plateau, the
warming rate increases with elevation and is highest between 4800 and
6200 m a.s.l. (Qin et al., 2009). Lake Heihai is located at higher altitude
(~4400 m a.s.l.) than Qinghai Lake (~3200 m a.s.l.), and thus, Lake
Heihai probably responds faster to changing climate conditions.
Furthermore, the relatively small glaciers in the catchment of Lake
Heihai responded probably rapidly to global warming (Yao et al., 2012).
In 2014, small ice caps and valley glaciers still existed in the south of the
lake (Stauch et al., 2017). Therefore, originally larger and probably
additional glaciers retreated during the warming period, resulting in a
higher meltwater contribution to Lake Heihai with the consequence of a
rising lake level.

6. Conclusions

The sediment core from Lake Heihai represents a continuous late
glacial and Holocene record of environmental changes in the catchment
area and provides important information with respect to climate change,
water resources and glacier fluctuations in the northern Tibetan Plateau.
In addition, the evolution of the lake, especially with regard to salinity
and lake-level changes was inferred from the multi-proxy record.

Lake Heihai remained a closed lake until about 10.8 cal ka BP, with
cold and dry conditions during the period from ca. 12.9-12.3 cal ka BP
and less cold temperatures before and afterwards. Warmer and wetter
conditions with increased water level and lower salinity were recorded
at Lake Heihai between ca. 10.8 and 7.0 cal ka BP in response to the
strengthened summer monsoon. A widespread 8.2 cal ka BP cold event
was not evidently recorded from the sediment of Lake Heihai. Cold and
dry conditions prevailed from ca. 7.0 to 4.5 cal ka BP and resulted in a
declined lake level and increased lake-water salinity. Glacier advances
in the catchment of Lake Heihai during this period were probably trig-
gered by the increased influence of the mid-latitude westerly circulation.
Cold conditions, glacier advances and low lake levels prevailed until ca.
1.2 cal ka BP. Warmer conditions and a higher water level of Lake Heihai
as result of higher runoff entering the lake were recorded after ca. 1.2 cal
ka BP.
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The late glacial and Holocene climate of the Tibetan Plateau and
adjacent regions was characterised by spatial heterogeneity. Thus, more
studies of palaeoclimate records are required to better understand the
regional climate evolution. Derived climate inferences from the study
region will surely benefit from more reliable chronological control and
analyses of additional proxies such as pollen or biomarker data. Espe-
cially quantitative inferences of precipitation and temperature changes
have great potential to improve our understanding of the local effects of
environmental and climate change. Such better understanding is
required to better assess hydrological conditions and water resources in
climatically especially sensitive regions of the world.
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