
1 Introduction  
 
The Tibetan Plateau (TP), known as the ‘Third Pole’, 

contains the largest volumes of ice outside the polar region 
(Yao et al., 2018) along with thousands of lakes (Zhang et 
al., 2011). The dynamics of the glaciers and alpine lakes 
of the TP have been studied using modern monitoring data 
and satellite images (Yao et al., 2012; Lei et al., 2014; 
Yang et al., 2017). There are spatial differences in the 
status of the glaciers of the TP over the past decades 
which  may  be  the  result  of  changes  in  large-scale 
atmospheric circulation and temperature (Yao et al., 2012, 
2018). Remote sensing and GIS techniques, together with 
field  investigations,  demonstrate  that  precipitation  and 
glacial meltwater were the two most important factors 
influencing the lake dynamics of the region over past 
decades  (Zhang  et  al.,  2011;  Qiao  and  Zhu,  2019). 
However,  previous  studies  have  suggested  that  the 

dominant factor controlling lake level and volume differs 
between  periods  (Qiao  and  Zhu,  2019).  This  finding 
necessitates the reconstruction of long-term variations in 
lake  levels  and  regional  climate  in  order  to  better 
understand  the  response  of  lake  systems  to  ongoing 
climate change. Over the past decade, a greater availability 
of semi-quantitative precipitation isotope records (Bird et 
al.,  2014;  Günther  et  al.,  2015),  even  quantitative 
temperature (Zhao et al., 2013; Wang et al., 2015; Hou et 
al., 2016; Li et al., 2017;) and precipitation records (Leipe 
et al., 2014; Wang YB et al., 2014) in this region, have 
provided  opportunity  to  evaluate  the  response  of 
paleohydrological conditions to climate changes. 

The  present  climate  of  the  western  TP  (WTP)  is 
extremely cold and dry. Previous studies have documented 
the penetration of the Indian summer monsoon into the 
region during the Holocene (Fontes et al., 1996; Gasse et 
al., 1991; Gasse et al., 1996; Gasse and Van Campo, 1994; 
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Shi et al., 1993; Taft et al., 2020). Recent work also 
supports the prevalence of summer monsoon system in 
the WTP since the late Pleistocene (Hou et al., 2017). 
However, there is uncertainty about the response of the 
WTP lakes to climate change (Fontes et al., 1996; Kong 
et al., 2007). Previous studies have indicated that the 
lake  level  of  Bangong  Co  has  experienced  large 
fluctuations (up to ~40 m) in the past in response to 
climatic  and  hydrological  forcing  (Shi  et  al.,  1993; 
Brown et al., 2003). The results of a lake terrace study 
indicated that the high lake-level of the site was mainly 
caused by glacier melting rather than by changes in the 
monsoon (Kong et al., 2007). This conclusion is based 
on the phase relationship between the highest lake level 
and  the  timing  of  a  decrease  in  monsoon intensity. 
Hence,  this  necessitates  more  data  on  what  the 
paleohydrological regime in WTP looked like, and how 
the lakes respond to climate  change.  Is  the summer 
monsoon the dominant factor affecting the lake’s level, 
or is it the flow of water from nearby glaciers?  

In order to better understand the long-term history of 
paleohydrological changes in the WTP and their response 
to regional climate change, we have obtained records of 
past hydroclimatic variability spanning the past 16,000 
years from a sediment core from Bangong Co. We used n-
alkane based Paq and grain-size distributions to infer lake-
level changes, by combining the data with previous work 
on the same lake to further illustrate the hydrological 
conditions. Finally, we compared the Bangong Co results, 
in the context of records across the TP, to elucidate 1) the 
hydrological history of Bangong Co over the past 16,000 
years; 2) the factors influencing the lake level of Bangong 
Co and their implications.   

2 Materials and Methods 
 
2.1 Study site 

Bangong Co (33°26′ –33°58′N, 78°25′ –79°56′E, 4244 
m a.s.l.) is the largest lake in the westernmost TP, with 
lake and catchment area of 671 km2 and ~25,787 km2, 
respectively (Khan et al., 2014; Wan et al., 2016) (Fig. 1). 
There is substantial spatial heterogeneity of the water 
quality parameters of the lake. The eastern lake basin of 
Bangong Co is fed mainly by meltwater from glaciers, and 
continuous  in  situ  lake  temperature  measurements 
showing that it is a dimictic lake (Wang MD et al., 2014). 
The maximum water depth was 42.6 m, and the salinity 
varied little (0.47–0.55 g/L) during the summer of 2012–
2017. According to NASDE (Ngari Station for Desert 
Environment  Observation  and  Research,  Chinese 
Academy of Sciences), which is ~10 km south of Bangong 
Co, the mean annual precipitation is 94 mm and the mean 
annual air temperature is 1.64°C (2010–2016). According 
to  NASDE the  modern  precipitation  in  the  region is 
monsoonal, with summer precipitation (JJA) accounting 
for more than 85% of the total (Fig. 1); this is also 
supported by the results of back-trajectory analysis at 
NASDE.  At  NASDE,  90%  of  wet  deposition  was 
transported from Nepal and northern India via the Indian 
monsoon (Liu YW et al., 2015). Modern precipitation 
isotopes  monitoring  in  NASDE  shows  the  isotope 
composition  responds  almost  immediately  to  summer 
monsoon  events,  with  precipitation  δ18O  varying 
significantly and the large fluctuations are partly due to 
the summer monsoon precipitation (Wen et al., 2016). The 
wind rose derived from daily wind speed and direction 
data  measured  at  NASDE  shows  southerly  winds 

 

Fig. 1. (a) Map showing the catchment area of Bangong Co; (b) temporal variations of temperature and precipitation 

from 2010 to 2016 at NASDE (Ngari Station for Desert Environment Observation and Research); (c) wind rose show-

ing wind speed and direction at NASDE (2011-2016, no available data for 2014).  
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prevailing during the summer season (Fig. 1). 
 

2.2 Coring and dating 
A 696-cm-long piston core (BGC2011-1) was collected 

from the southeastern part of Bangong Co in the summer 
of 2011 using an UWITEC platform at 20.4 m water 
depth. The core was subsampled at 1-cm intervals in the 
laboratory and then freeze-dried. The age model for the 
piston  core  is  based  mainly  on  radiocarbon  dating, 
combined with 210Pb and 137Cs dating of a gravity core 
(BGC16-1-1G) from the same site  which enabled the 
dating  of  the  surficial  sediments.  The  radionuclide 
activities of the 21 sediment samples from the uppermost 
20.5 cm were measured with ORTEC GWL Series High-
Purity  Germanium  (HPGe)  Well  Detectors.  Nineteen 
AMS  radiocarbon  dates  were  obtained  by  the  Beta 
Analytic and Peking University AMS Laboratory. The 
final age model for  core BGC2011-1 was established 
using the R package rbacon (Blaauw and Christen, 2011).  

 
2.3 Lipid extraction and analysis 

After freeze-drying and homogenizing the sediment, a 
~5  g  sample  was  taken  and  subjected  to  ultrasonic 
extraction  3  times  (15  min,  30°C)  using  a 
dichloromethane/methanol mixed solvent (DCM:MeOH, 
2:1, v/v). The total lipid extract (TLE) was separated into 
neutral and acid fractions by elution through a LC-NH2 
SPE  column  using  DCM:isopropyl  alcohol  (2:1,  v:v) 
followed by ether with 4% acetic acid (v:v) as eluents. The 
neutral fractions were further separated into four fractions 
of increasing polarity by chromatography over a silica gel 
column using hexane, DCM, ethyl acetate:hexane (1:3, 
v:v) and MeOH as eluents. n-alkanes are contained in the 
first fraction (hexane) and detected and quantified using 
gas chromatography with a flame ionization detector (GC-
FID). Samples were passed through the GC-FID (Agilent 
7890A) using a HP-5 column (30 m × 0.32 mm id × 0.25 
μm film thickness) for separation and then compared to an 
external  standard  (DRH-008S-R2,  AccuStandard).  The 
GC oven  temperature  method  was  as  follows:  initial 
temperature set at 60°C for 1 min, then ramp at 15 °C/min 
to 150°C, and then ramp at 5 °C/min to 310°C, with an 
isothermal hold for 20 min. 

The  Paq  (non-emergent  aquatic  macrophyte  input 
versus emergent aquatic macrophyte and terrestrial plant 
input  to  lake  sediment)  was  calculated  following  the 
original equation of Ficken et al. (2000). The other well-
established n-alkane proxy, ACL (Average Chain Length), 
refers to Poynter and Eglinton (1990) and Poynter et al. 
(1989).  In  the  equation,  Ci  =  peak area  of  n-alkane 
containing i carbon atoms. Considering the constituents of 
leaf waxes (Freeman and Pancost, 2014), the long-chain n-
alkane ACL calculation was constrained from C27 to C31.  

Paq = (C23+C25)/(C23+C25+C29+C31) 
ACL = (Σ[Ci]) × i)/ Σ[Ci] 

 
2.4 Grain-size measurements 

Grain-size distributions were determined by the laser 
diffraction  method,  with  a  Malvern  laser  particle-size 
analyzer (Mastersizer 2000). About 0.25 g of a freeze-
dried sediment sample was pretreated with 10 ml of 10% 

H2O2 to remove organic matter, then with 10 ml of 10% 
HCl to remove carbonates. After adding deionized water, 
the sample suspension was kept for 24 hours. The sample 
residue was then dispersed with 10 ml of  0.1 mol/L 
(NaPO3)6 on an ultrasonic vibrator for 5 min before grain-
size analysis.  

 
3 Results 
 
3.1 Chronology 

The  sediment  core  recovered  from  Bangong  Co 
provides a continuous sequence with a ~120-yr sample 
resolution  spanning  the  past  16,000  years  (Fig.  2). 
Chronological controls on the sediment core of BGC2011-
1 from Bangong Co were constructed based on 210Pb/137Cs 
measurements from the top 20.5 cm (BGC16-1-1G, the 
sediment dating results are listed in Table 1) and 19 
radiocarbon measurements  from the deeper  sediments. 
The 210Pbex concentration decays exponentially with depth, 
and the identification of 137Cs peaks corresponding to the 
1963 peak in atmospheric nuclear weapons testing and the 
1986 Chernobyl event agreed well with the 210Pb dating 
results (Fig. 2). The two approaches above determine the 
uppermost ages of the Bangong Co sedimentary record. 
The radiocarbon ages of Bangong Co have been presented 
in Hou et al. (2017), and reservoir age (RA) is 4,833 years, 
as determined by linear regression of 19 radiocarbon dates. 
The calculated RA is different from the previous study 
(6,670 years) in the same lake (Fontes et al., 1996), which 
once  again  proves  the  spatial  heterogeneity  of  RA at 
Bangong  Co.  Mischke  et  al.  (2013)  attributed  the 
differences in RAs within Bangong Co to lake-atmosphere 
CO2 exchange. Apparently, the RA is lower in the central 
part of Bangong Co since the dissolved inorganic carbon 
(DIC) of the lake water is presumed to be in exchange with 
atmospheric CO2 for a longer time compared to other sites. 

 
3.2 Distribution of n-alkanes in core BGC2011-1 

In this study, the n-alkane composition of 140 samples 
has been analyzed. The sediments contained a range of n-

 Table 1 Activities of radionuclides 
210

Pb, 
226

Ra and 
137

Cs 

along core BGC16-1-1G 

Depth (cm) 
210

Pb (Bq/kg) Error 
226

Ra (Bq/kg) Error 
137

Cs (Bq/kg) Error 

0.5 195.5 23.3 31.8 5.3 0.0 0.0 

1.5 189.0 22.7 27.3 5.3 0.0 0.0 

2.5 167.0 21.9 45.0 4.8 6.7 2.6 

3.5 159.9 25.2 44.0 4.9 8.1 2.5 

4.5 113.1 20.8 50.6 4.8 5.1 2.6 

5.5 95.6 17.9 43.4 4.1 4.7 2.5 

6.5 111.0 15.6 42.2 3.9 10.9 1.6 

7.5 97.8 16.1 40.8 4.0 9.0 1.9 

8.5 79.5 15.9 38.2 3.9 10.1 1.5 

9.5 81.9 14.4 42.1 3.7 6.6 2.0 

10.5 66.4 11.2 41.4 3.1 4.4 1.6 

11.5 43.0 10.4 25.5 2.5 0.0 0.0 

12.5 53.5 10.0 33.7 2.8 0.0 0.0 

13.5 55.2 13.2 32.6 3.4 0.0 0.0 

14.5 51.9 10.9 34.2 3.1 0.0 0.0 

15.5 87.0 15.3 41.0 3.8 0.0 0.0 

16.5 47.4 14.0 37.9 3.5 0.0 0.0 

17.5 50.6 12.0 34.1 3.4 0.0 0.0 

18.5 67.1 12.5 39.8 3.1 0.0 0.0 

19.5 42.3 12.9 36.9 3.1 0.0 0.0 

20.5 45.4 10.1 41.2 3.1 0.0 0.0  
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alkanes  from  C15  to  C31.  Based  on  the  n-alkane 
distribution, the profiles of Paq and ACL were divided 
into three distinct  periods (Fig.  3).  Period I,  the last 
deglaciation  (here  referred  to  16–12  cal  kyr  BP),  is 
characterized  by middle-chain  n-alkanes,  and the  Paq 
values  are  the  highest,  varying  between  0.60-0.96. 
Increasing trends are  observed for  both ACL27-31  and 
ACL21–31, while significant changes appear around 13 cal 
kyr BP; in Period II, early–middle Holocene (12–4.7 cal 
kyr  BP),  the  contributions  of  long-chain  n-alkanes 
increases  gradually,  Paq  values  are  relatively  low, 
fluctuating between 0.29 and 0.64 with an average of 0.45. 
The variations of ACL27-31 are small, showing a slight 
upward trend. The ACL21–31 reaches a plateau between 8.2
–6.6 cal kyr BP; in Period III, late Holocene (4.7 cal kyr 
BP to the present), Paq increased overall, from 0.45 to 
0.85,  and  ACL21-31  showed  a  similar  trend.  ACL27–31 

exhibited obvious fluctuations with significant decreases 
at ~1 and ~2.3 cal kyr BP. 

 
3.3 Sediment grain-size distributions in core BGC2011-1 

The  grain-size  distributions  of  269  samples  was 
analyzed and the results are illustrated in Fig. 4. The 
temporal trends in grain-size distributions can also be 
divided into the three periods described above. During the 
last deglaciation (16–12 cal kyr BP), there were large 
variations in grain size with the mean grain size ranging 
between 11 and 80 μm. The ranges of contents of sand (> 
64 μm) and fine-medium silt (2–16 μm) are 3–40% and 28
–66%, respectively. During the early-middle Holocene (12
–4.4 cal kyr BP), the grain size was relatively uniform and 
the sand content fluctuated between 1% and 11%. In the 
late Holocene (from 4.4 cal kyr BP to the present), the 
sand content varied from 2% to 25%, and the mean grain 
size consequently increasing gradually from 13 to 49 μm.  
   

4 Discussion 
 
4.1 Proxy interpretations 
4.1.1 n-alkane proxies 

Sources of n-alkanes 
Understanding the sources of n-alkanes is vital for the 

interpretations of sedimentary n-alkane records. Mid-chain 
n-alkanes (e.g. C23 and C25) are primarily produced by non
-emergent macrophytes (submerged and floating plants) 
and long-chain n-alkanes (e.g. C29 and C31) are mainly 
derived  from terrestrial  higher  plants  (Diefendorf  and 
Freimuth, 2017; Ficken et al., 2000; Gao et al., 2011). The 
n-alkane distribution of modern plants across the TP is 
consistent with previously reported cases (Duan and Xu, 
2012; Guenther et al., 2013; Mügler et al., 2008; Witt et 
al., 2016). However, recent work on the TP suggests that 
submerged  plants  may  also  potentially  contribute 
significantly to the sedimentary C27 and C29 pool (Aichner 
et al., 2010; Liu and Liu, 2016; Liu WG et al., 2015). 
Although there  is  no n-alkane distribution in  modern 

Fig. 2. (a) Age-depth model for sediment core BGC2011-1. 

The model was constructed using the R package rbacon. (b) 

Age-depth model based on the 210Pb and 137Cs chronology 

of the surficial sediments in core BGC16-1-1G.  

 

Fig. 3. Records of n-alkane proxies from core BGC2011-1.  
(a) ACL27-31, (b) Paq, (C) ACL21-31.  

  

Fig. 4. Grain-size records from core BGC2011-1.  
(a) Mean grain size, (b) Sand fraction content (> 64 μm), (c) silt frac-

tion content (very fine to medium silt, 2–16 μm).  
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plants reported in the current study, the modern terrestrial 
higher  plants  and  aquatic  plants  in  the  catchment  of 
Bangong Co were investigated by Hu et al. (2014). They 
found that C23 was predominantly derived from aquatic 
plants  and  C27–C33  from  land  plants,  although  the 
perennial herb Potentilla anserine and a woody plant Salix 
sp. with a dominant n-C25 peak have been reported.  

Interpretations of Paq and ACL 
Paq is  useful  for  evaluating the contribution of  n-

alkanes  from non-emergent  aquatic  plants  relative  to 
emergent and terrestrial plants, which could be associated 
with fluctuations in the lake levels and climatic conditions 
(Callegaro et al., 2018; Liu et al., 2017; Sun et al., 2018; 
Wang et al., 2019). Currently, there are two opposite 
interpretations of Paq as an indicator of water depth: high 
Paq can be interpreted to indicate either decreasing lake 
level (Liu et al., 2017; Sun et al., 2018; Wang et al., 2016; 
Wang et al., 2020) or increasing lake level (Callegaro et 
al., 2018; Chu et al., 2014; Pu et al., 2011; Wang et al., 
2017;  Zhang  et  al.,  2017).  To  better  understand  this 
paradox, we reexamined the calculation of Paq. Paq can 
be simplified to the ratio of submerged to terrestrial plants 
due  to  the  relatively  small  amounts  of  floating  and 
emergent plants across the TP. Hence, the changes in Paq 
are  mainly  controlled  by  the  relative  proportions  of 
submerged  plants  and  terrestrial  plants.  There  is  a 
consensus on the impact of climate on lake level and land 
plants.  A high lake  level  associated  with  wet,  warm 
conditions would benefit land plant growth. However, 
there  are  different  understandings  of  the  growth  of 
submerged macrophytes under varying water levels, the 
significant  input  from  submerged  plants  either  being 
interpreted as the response to lake shrinkage (Liu et al., 
2017; Sun et al., 2018) or expansion (Callegaro et al., 
2018; Wang et al., 2017; Zhang et al., 2017). Previous 
studies indicated that the growth of submerged plants 
depends mostly on the morphometric characteristics of the 
littoral zone and the water transparency (Duarte and Kalff, 
1986;  Middelboe  and  Markager,  1997).  Hence,  the 
distribution of submerged biomass responding to changes 
in lake level varies among lakes. For Bangong Co, Paq 
varies between 0.29 to 0.96 over the past 16,000 years, 
and indicates a large biomass of submerged macrophytes 
in the lake. The lake level of Bangong Co was assumed to 
be 30–35 m higher between 8.5–8.3 kyr BP (uncalibrated 
ages) than today (Shi et al., 1993). Hence, the submerged 
plants may be constrained by light attenuation in the water 
column if the water level remains high (Middelboe and 
Markager, 1997). In this study, we used Paq to infer lake-
level history, with lower Paq indicating a higher water 
level  associated  with  more  terrestrial  plants  and  less 
submerged macrophytes, and vice versa.  

We also calculated the n-alkane ACL over different 
chain  length  ranges.  Freeman  and  Pancost  (2014) 
highlighted  the  necessity  of  defining  ACL  with  the 
molecular range in subscripts to avoid confusion. Hence, it 
is important to carefully select the carbon numbers for the 
ACL calculations. Here we calculated the ACL using two 
different  carbon ranges,  ACL27-31  (long-chain n-alkane 
ACL) and ACL21-31 (mid-chain and long-chain n-alkane 
ACL). The ACL of long-chain n-alkanes in sediments 

potentially reflects climate changes (Pu et al., 2013; Zhang 
et al., 2017), while ACL21-31 reflects the sources of organic 
matter (Günther et al., 2016; Jin et al., 2015; Saini et al., 
2017; Witt et al., 2016).  

Although many previous surveys aimed to clarify the 
climate determinants of plant wax n-alkane ACL, there is 
still no consensus regarding the dominant factor. ACL is 
reported to respond to aridity (Eley and Hren,  2018; 
Schefuß et  al.,  2003)  and/or  temperature  (Bush  and 
McInerney, 2015; Wang et al., 2018). In general, ACL 
increases with higher temperatures and/or drier conditions. 
For the lakes in the TP, the long-chain n-alkane ACL is 
either interpreted in terms of temperature (Ling et al., 
2017a; Pu et al., 2013; Pu et al., 2011) or relative humidity 
(Ling et al., 2017b; Zhang et al., 2017). There have been 
many approaches to ACL calibration across the TP (Bai et 
al., 2019; Guo et al., 2015; Jia et al., 2016) and modern 
calibrations based on lake sediments (Hu et al., 2014; Ling 
et al., in press). For example, Hu et al. (2014) showed that 
the ACL changed in response to precipitation, increasing 
in wetter conditions. In the present study, we speculate 
that the long-chain alkane ACL responds to precipitation 
variations, but further evidence is needed to clarify the 
impact of climatic variables on long-chain ACL for the 
lakes of the TP. In addition, ACL21-31 has been used to 
characterize organic matter sources in sediment (Callegaro 
et al., 2018; Günther et al., 2016; Saini et al., 2017; Yan et 
al., 2020). 

 
4.1.2 Interpretation of grain-size variations 

The grain-size distributions of lake sediments are an 
important indicator of sediment sorting processes, that can 
be used to reconstruct hydroclimatic variability (Dietze et 
al.,  2014; Macumber et al.,  2018; Peng et al.,  2005). 
However, the environmental factors controlling grain-size 
variations may vary on different timescales (Chen et al., 
2004), including runoff associated with rainfall (Peng et 
al., 2005) and lake level variations (Wünnemann et al., 
2006).  For  long  timescales,  e.g.  the  centennial  scale, 
coarsening trends in lake sediment records can reflect a 
lowering  of  the  lake  water  level  and  the  increased 
proximity of the core site to the shoreline (Macumber et 
al., 2018). Since Bangong Co has experienced large lake-
level fluctuations during the late Pleistocene (Shi et al., 
1993; Shi et al., 2001), we interpret a decrease in grain 
size to indicate an increase in lake level. 

 
4.2 Lake level reconstruction for Bangong Co 

The Paq interpretations outlined above highlight the 
importance  of  using  multiple  proxies  to  reconstruct 
paleohydrological changes, because a single proxy record 
can sometimes be interpreted in two opposite ways (He et 
al., 2014). We used Paq and grain-size distributions from 
the same sediment core to infer the lake-level changes. 
Furthermore,  we  explored  the  changes  in 
paleohydrological conditions of Bangong Co during the 
Holocene by combining the new results with previous 
records from the same lake obtained using other proxies, 
such as diatom assemblages (Fan et al., 1996) and the δ18O 
of authigenic carbonates (Fontes et al., 1996). Both the 
biomarker record and the grain-size record showed that the 
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lake level experienced obvious fluctuations over the past 
16,000  years.  The  new  records  are  concordant  with 
previous  studies  in  Bangong  Co  over  the  Holocene, 
inferred from multi-proxy studies of lake sediment (Fan et 
al., 1996; Fontes et al., 1996). The inferred lake level 
history could be subdivided into three periods (Fig. 5), 
which are described below. 

Period I (16–12 cal kyr BP): The lake level history 
recorded by Paq depicts a gradual expansion of Bangong 
Co  during  this  period.  However,  the  grain-size 
distributions  reveal  significant  changes  in  the 
hydrodynamics  of  the  lake  basin  (Fig.  4).  The 
inconsistency  between  the  proxy  records  during  this 
period may be due to differences in the response of the 
biological  and  physical  proxies.  For  example,  the 
variations in the Paq index slightly precede those of grain 
size (Fig. 5). It is possible that there are differences in the 
timing of the response of plants compared to transport and 
deposition  process  revealed  by  grain  size  record. 
Biomarker proxies may be more sensitive to lake level 
changes  than  grain-size  distributions  in  some  cases. 
Bangong  Co  was  relatively  shallow  during  the  last 
deglaciation,  and  the rapid  changes  in  grain  size  are 
reasonable since slight changes in temperature and water 
supply would result in the larger response of a shallow 
lake  under  glacial  conditions  (Witt  et  al.,  2016).  In 
contrast,  the  unfavorable  environment,  with  low 
precipitation  and  cold  soil  condition,  may  have 
constrained  the  development  of  terrestrial  ecosystems, 
resulting in the relatively low variability of Paq. At 13 kyr 
BP, there was a sharp increase in Paq, indicating declining 
lake levels; this is supported by other evidence, such as the 

isotopic composition of authigenic carbonate (Fontes et 
al.,  1996) and the percentages of saline water diatom 
species (Fan et al., 1996). 

Period II (12–4.7 cal kyr BP): Evidence for lake level 
changes from multi-proxy records reveals that a deep-
water  environment  occurred  during  the  early-middle 
Holocene. The water level decreased substantially at ~8–9 
kyr BP (Fig. 5), lasting for ~1,000 years, supported by the 
lake  precipitation/evaporation  ratio  (P/E)  history,  as 
revealed  by  calcite  δ18O and  the  evidence  of  diatom 
species  (Fan  et  al.,  1996).  The percentages  of  saline 
diatom  species  (living  in  oligosaline  and  mesosaline 
waters) sharply increased from 4% to 29%, indicating that 
the  water  became  more  saline,  as  a  result  of  lake 
shrinkage.  

Period III (4.7 cal kyr BP to the present): The water 
level gradually decreased in the late Holocene, indicating 
a pronounced shrinkage of the lake, despite a slightly 
higher level between 2.7 and 1.6 kyr BP (Fig. 5). The lake 
reached its lowest level at ~1 kyr BP.  

 
4.3 Paleohydrological response to climate change in 
Bangong Co 

The gradual expansion of Bangong Co between 16 and 
12 cal kyr BP was probably due to the increase in both 
rainfall and ice melting. After 14 kyr BP, both Paq and the 
grain-size record indicate a rising trend of the lake level 
under  more  favorable  climatic  conditions.  Climatic 
oscillations occurred and wet/dry spells were distinctly 
recorded by leaf wax δD records in the catchment (Hou et 
al.,  2017).  A cold climate  would have had a greater 
influence on terrestrial plants than on submerged aquatic 
plants (Lin et al., 2008), resulting in high Paq values. The 
inferred lake shrinkage at ~9 kyr BP was coincident with a 
decrease in summer temperature at the same time (Hou et 
al., 2016; Zhao et al., 2017). We speculate that the low 
water level was mainly caused by the reduced snow and 
ice melting due to the cold event. The leaf wax isotope 
record indicated that humid conditions prevailed, with 
negative  isotope  values  and  only  minor  fluctuations, 
indicating that the impact of monsoon precipitation on the 
water  level  was limited.  The reconstructed lake level 
variations in the late Holocene are generally consistent 
with previous climatic records (Fig. 6). The Paq-inferred 
lake level covaried with both summer temperature and 
precipitation  isotope  variations,  demonstrating  a 
pronounced lake response to climate changes. The lake 
was becoming shallower due to the climatic deterioration, 
with less precipitation and variations in temperature. 

Our reconstructed lake-level history reveals that both 
meltwater and monsoon precipitation have contributed to 
lake expansion and shrinkage over the past 16,000 years. 
High temperatures resulted in accelerated glacier melting 
which increased the lake level. Pu et al. (2011) found a 
similar trend between Paq and temperature at an alpine 
lake in the eastern TP. It is to be noted that the inferred 
lake level differs from two records of mean annual air 
temperature, based on isotope variations in the Guliya ice 
core (Thompson et al., 1997) and the GDGT temperature 
record from a saline lake in the WTP (Li et al., 2017) (Fig. 
6). It is beyond the scope of the present study to explore 

 

Fig. 5. Reconstructions of the paleohydrological condition 

at Bangong Co.  
Comparison of Paq and grain-size records of core BGC2011-1 with 

published records from the same lake. (a) Silt fraction (2–16 μm) (this 

study), (b) Paq record (this study), (c) Bangong Co δ18O of authigenic 

carbonate (Fontes et al., 1996) with a revised chronology, (d) Percent-

ages of saline water diatoms (%) (Fan et al., 1996) with a revised 

chronology. The shaded area indicates shallow water conditions.  
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the reasons for the discrepancy between the mean annual 
and summer temperature records. However, it is possible 
that  most  of  the  meltwater  was  delivered  during  the 
summer season, which is supported by temperature data 
from NASDE and modern in situ monitoring. Weather 
station  data  indicate  that  the  monthly  average  air 
temperature is around or below zero for more than six 
months of the year (Fig. 1), and the monitoring results 
show that the lake is ice-covered from November to April 
(Wang MD et al., 2014).  

The δD of sedimentary leaf waxes can be used as a 
proxy for precipitation δD variations (Hou et al., 2008; 
Sachse et al., 2012), even in very dry regions such as the 
TP (Hou et al., 2018). In this study, we used the δD of C30 
n-acid (hereafter δDwax) from the same sediment core to 
reconstruct precipitation D/H ratios. The long-term δDwax 
values over the past 16,000 years are interpreted to reflect 
past changes in effective precipitation as well as summer 
monsoon intensity, which have been discussed previously 
(Hou et al., 2017). More depleted isotopes are attributed to 
a moister climate, potentially resulting in a rising lake 

level and decreased Paq values, and vice versa. The lake 
level generally paralleled the precipitation isotope curve, 
despite the absence of obvious change in precipitation 
during intervals of low lake level, such as the high Paq at 
~9 kyr BP. 

 
5 Conclusions 

 
The new biomarker-based and grain-size records from 

Bangong Co provide new insights  into the lake-level 
history in the WTP. Bangong Co experienced relatively 
large lake-level fluctuations during the last deglaciation, a 
sustained  high  lake  level  during  the  early-middle 
Holocene and a decreasing lake level in the late Holocene. 
The lake-level fluctuations were driven by both summer 
temperature via meltwater,  and monsoon precipitation. 
However, the dominant factor controlling lake level differs 
between periods. In subsequent research it is important to 
focus  on  quantifying  changes  in  lake  volume and  to 
estimate the respective contributions of meltwater and 
precipitation. 
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