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ABSTRACT

The Qaidam Basin marks a crucial bound-
ary between the Westerlies and the Asian 
summer monsoons. Previous studies in the 
Qaidam Basin have advanced our knowledge 
of the paleoclimate over glacial to intergla-
cial cycles. However, our understanding of 
the paleoclimatic sensitivity of the Qaidam 
Basin to the relative strength of these two cli-
matic driving forces remains limited due to 
the lack of regional paleoclimatic reconstruc-
tions. The Qaidam Basin is proposed as a re-
gional and global eolian dust source during 
the glacial periods, during which a cold, dry 
climate is associated with the equatorward 
shift of the jet stream. On the contrary, pa-
leoshoreline records suggest that a highstand 
lake stage prevailed in late Marine Isotope 
Stage 3 (MIS 3) and lasted until 15 ka. To 
address this conundrum, we have applied an 
integrated approach to reconstructing the 
regional paleoclimatic history by combin-
ing compound-specific isotope analysis, lake 
temperature reconstruction, and numerical 
modeling. Our results show varying paleo-
climate associated with the dynamic climate 
boundary since 45 ka: (1) a wet climate dur-
ing late MIS 3, when the Asian summer mon-
soons are strengthened under high summer 
insolation and penetrate further into Cen-
tral Asia; (2) a general cold, dry but wetter 
than at present climate in the Last Glacial 
Maximum (LGM), when the Asian summer 

monsoons retreat and the Westerlies become 
dominant; and (3) three short periods of ex-
treme aridity corresponding to the Younger 
Dryas and Heinrich 2 and 4 events, when 
the normal moisture transport via the West-
erlies and Asian summer monsoons is inter-
rupted. The numerical modeling supports an 
increase in the effective precipitation during 
the LGM due to reduced evaporation under 
low summer insolation. These results suggest 
that the Westerlies and Asian summer mon-
soons alternately controlled the climate in 
the Qaidam Basin in response to precessional 
forcing during the late Pleistocene.

INTRODUCTION

The Westerlies and the Asian summer mon-
soons played essential roles in controlling the 
paleoclimate of Central Asia. The Qaidam Basin 
is situated in a critical climatic region that sepa-
rates arid, Westerly-influenced Central Asia to 
the west and summer monsoon-controlled East 
Asia to the east (Fig. 1). As one of the world’s 
highest and driest places with extremely high 
ratios of evaporation (>3000 mm) versus pre-
cipitation (<180–220 mm) (Tian et  al., 2001; 
Yao et al., 2013), the Qaidam Basin potentially 
contributes a significant amount of eolian dust 
transported by the Westerlies to the downwind 
areas of the Chinese Loess Plateau (Kapp et al., 
2011; Pullen et al., 2011; Lin et al., 2020) and 
the North Pacific (Li et al., 2011a). The unique 
geographical location of the Qaidam Basin 
makes its hydrological changes sensitive to the 
relative strength of the Westerlies and Asian 
summer monsoons. However, the interactions 
between the two climate systems and their influ-

ence on eolian dust production in the Qaidam 
Basin at orbital and millennial scales are not well 
understood.

Paleoclimate in Central Asia was thought to 
have alternated between warm, humid intergla-
cial periods strongly influenced by the Asian 
summer monsoons and cold, dry glacial periods 
dominantly influenced by the Westerlies (An 
et al., 2012). This alternating climate pattern has 
been manifested by the loess/paleosol sedimen-
tary sequences from Tianshan in Central Asia (Li 
et al., 2016) and the Chinese Loess Plateau in 
East Asia (Kukla and An, 1989; An et al., 1990; 
Porter and An, 1995). In the Qaidam Basin, sedi-
mentary records and modeling studies reveal that 
the cold, dry climate during the glacial and sta-
dial periods resulted in subaerial exposure and 
intensive erosion of lacustrine strata when the 
main axis of the Westerly jet shifted toward the 
equator (Kapp et al., 2011; Pullen et al., 2011; 
Heermance et al., 2013; Rohrmann et al., 2013). 
High eolian fluxes recorded in sedimentary suc-
cessions ranging from Central Asia to the North 
Pacific indicate strong wind erosion associated 
with Westerlies (Hovan et al., 1991; An et al., 
2012; Li et al., 2016). Isotope proxy and pollen 
studies from the northern Tibetan Plateau sug-
gest that precipitation decreased during the Last 
Glacial Maximum (LGM) (Wang et al., 2014; 
Thomas et al., 2016).

Paleoshoreline records from the Qaidam Ba-
sin, particularly freshwater mollusks in lacus-
trine strata, indicate the expansion of paleo-lakes 
from ca. 30–40 ka to ca. 15 ka (Li and Zhu, 2001; 
Zhang et al., 2008). This lake expansion coin-
cides with the interglacial temperature condi-
tions during late Marine Isotope Stage 3 (MIS 3), 
which is supported by the Guliya ice-core δ18O †Corresponding author: gzhuang@lsu.edu.
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record and the pollen record from the adjacent 
Qilian Shan (Thompson et al., 1997; Herzschuh 
et al., 2006). There are disparate interpretations 
of the highstand or lake expansion through late 
MIS 3. One interpretation invokes the inland 
penetration of Asian summer monsoons (Shi 
et al., 2001). The other attributes the increase 
of precipitation during late MIS 3 to the strong 
circulation of the Westerlies (Yang et al., 2004).

Previous studies using geochemical, biomarker, 
and isotopic proxies and numerical simulations 
have provided insight into the variations of the 
Westerlies and the Asian summer monsoons 
and their influences on the paleohydrology, but 
most studies focus on either the core area of the 
Westerlies further west (e.g., speleothem from 
Kesang Cave and Ton Cave in the Tian Shan 
and lacustrine records from the Lake Karakul 
in Pamirs, Fig. 1) (Cheng et al., 2016; Aichner 
et  al., 2019) or the Asian summer monsoon-

influenced regions to the east (e.g., lacustrine 
records from Lake Qinghai) (An et  al., 2012; 
Thomas et al., 2016). Despite active research that 
has reconstructed paleoclimatic evolution in the 
northern Tibetan Plateau during the Holocene (An 
et al., 2012; Thomas et al., 2016), studies of past 
climate in the Qaidam Basin on orbital timescales 
(e.g., precession cycles) are not available. In this 
study, we aim to resolve how and at what timescale 
the paleoclimate in the Qaidam Basin responded 
to the relative strength of the Westerlies and the 
Asian summer monsoons. We focus on three 
related questions: (1) does the high summer 
insolation period (corresponding to MIS 3) cause 
strong summer monsoons with high temperatures 
and increased precipitation? (2) Does the 
transition from high to low summer insolation into 
the LGM weaken the summer monsoons? (3) Is 
evaporation reduced during the LGM relative to at 
present? To answer these questions, we conduct an 

integrated study using organic biomarker-proxies 
coupled with climate modeling to examine the 
paleoclimatic history of the Qaidam Basin during 
the last glacial period. We apply hydrogen isotopic 
analysis to terrestrial higher-plant n-alkanes and 
apply the locally calibrated alkenone-based 
paleothermometry (UK

37) to lacustrine sediments 
recovered from a drill core in the western Qaidam 
Basin. Reconstructed paleoclimatic history, 
along with numerical modeling studies using the 
Community Earth System Model (CESM) version 
1.3, are compared with the Holocene regional 
paleoclimatic proxy records in the Asian summer 
monsoon- and Westerly-dominated areas.

GEOLOGICAL SETTING AND 
MODERN CLIMATE

The Qaidam Basin is an intermontane basin 
at the northern margin of the Tibetan Plateau. It 

Figure 1. Thirty-year (1981–2010) record of winter (December–January–February) minus summer (June–July–August) precipitation 
(mm/day) is shown. Blue represents greater precipitation in winter (December–January–February), while red indicates greater precipitation 
in summer (June–July–August). Data are derived from the National Centers for Environmental Prediction. Reanalysis provided by Na-
tional Oceanic and Atmospheric Administration Earth System Research Laboratories Physical Science Division at Boulder, Colorado, USA 
(https://www.esrl.noaa.gov/psd/data). The gray line outlines the 3000 m contour on the Tibetan Plateau and surrounding mountain (adapted 
from Li et al., 2019). The Qaidam Basin (brown outline), core site (yellow star), and the Chinese Loess Plateau (CLP; dark blue outline) are 
noted. Arrows highlight the moisture transport via the Westerlies (green), Indian summer monsoons (blue), and East Asian summer mon-
soons (yellow). The black, dashed line represents the modern boundary between the Asian summer monsoons (East Asian and Indian summer 
monsoons) and the Westerlies. Blue triangles are the locations of isotope reconstruction of paleometeoric waters in the Hulu (H) (Wang et al., 
2008), Dongge (G) (Dykoski et al., 2005), Ton (T), and Kesang (KS) (Cheng et al., 2012) Caves and the Dunde Ice core (D) (Thompson et al., 
1989). Green circles denote the lakes and paleo lakes discussed in the text: Lake Qinghai (QH) (Hou et al., 2016), Lake Sugan (S) (He et al., 
2013; Wang et al., 2013), Lake Keluke (H) (Rao et al., 2014), Tengger Desert (T), Qarhan (Q), Zabuye (Z), Aksayqin (A) (Yu et al., 2003), 
Karakul (K) (Aichner et al., 2019), and Lisan (L) (Bartov et al., 2003). Black squares indicate the Global Network of Isotope in Precipitation 
(GNIP) meteorological stations (IAEA/WMO, 2006). Numbers are correlated with stations in Fig. S1 (see footnote 1).

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35751.1/5197503/b35751.pdf
by Louisiana State Univ user
on 12 December 2020

https://www.esrl.noaa.gov/psd/data


Reconstructed paleohydrology of the Qaidam Basin

	 Geological Society of America Bulletin, v. 130, no. XX/XX	 3

is bounded by the Qilian Shan fold-thrust belt to 
the northeast, the Altun Shan range to the north-
west, and the East Kunlun Shan range to the 
south (Fig. 2A). The Qaidam Basin is ca. 700 km 
in length with a maximum width of ∼300 km and 
occupies ∼120,000 km2 with a mean elevation of 
2700 m (Chen and Bowler, 1986). The geomor-
phology of the Qaidam Basin is characterized 
by widespread eolian features including migrat-
ing dunes, deflecting pans, and mega-yardangs 
due to extremely arid climate and severe wind 

erosion (Goudie, 2007). The lake system in the 
modern Qaidam Basin comprises more than 20 
discrete salt lakes and playas and occupies a 
quarter of the total basin area (Chen and Bowl-
er, 1986).

In the Qaidam Basin, more than 90% of the 
annual rainfall occurs during the spring and 
summer seasons (Tian et al., 2001); the average 
temperatures for January and July and the mean 
annual temperature are −12 °C, 16 °C, and 2 °C, 
respectively (Zhang et al., 2008) (Fig. 2B). Water 

vapor is transported mainly by the Westerlies with 
a substantial amount coming from local recycling 
(Bershaw et  al., 2012; Li and Garzione, 2017); 
moisture from the Asian summer monsoons reaches 
the eastern part of the basin (Araguás-Araguás 
et  al., 1998; Tian et  al., 2001; Yao et  al., 2012; 
Caves et al., 2015). We used the HYbrid Single-
Particle Lagrangian Integrated Trajectory Model 
(HYSPLIT) to track the air masses of the study 
area in the western Qaidam Basin and those at a 
site selected in the eastern Qaidam Basin. The air 

C

BA

Figure 2. (A) Topographic map of the northern Tibetan Plateau shows the coring site (star, this study) in the Qaidam Basin and locations of 
Lake Sugan (Wang et al., 2013) and Lake Keluke (Rao et al., 2014) discussed in the text. (B) Meteorological data from the Tibetan Network 
of Isotopes in Precipitation (TNIP) at the Delingha station (monthly mean precipitation amount, column; monthly mean temperature, 
diamond; monthly mean hydrogen isotope (δ2H) values of precipitation, square) (Yao et al., 2013). (C) HYbrid Single-Particle Lagrangian 
Integrated Trajectory Model (HYSPLIT) trajectories for summer, fall, winter, and spring air masses 72 h before the arrival at the core 
site and a site (black star) in the eastern Qaidam Basin. The HYSPLIT model is based on National Centers for Environmental Prediction 
reanalysis data from 2018 to 2019 (https://www.arl.noaa.gov/hysplit). The TNIP station in Delingha (square) and lakes (circles) in the north-
ern Tibetan Plateau discussed in the text are noted.
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masses modeled indicate that the eastern Qaidam 
Basin receives moisture from Asian summer 
monsoons during summer and from the Westerlies 
in other seasons. The western Qaidam Basin is 
influenced by Westerlies year-round (Fig. 2C).

MATERIALS AND METHODS

Sediment samples were obtained from a 42-m-
long core in the western Qaidam Basin (38° 4′N, 
93° 0′E, 2754 m above sea level; Figs. 1 and 2). 
The core, which is composed of late Pleistocene 
lacustrine sediments, is overlain by Holocene 
evaporites. Sediments primarily consist of un-
consolidated clay and silt with sparse interbedded 
gypsum and halite. We reconstructed the paleo-

hydrology of the Qaidam Basin by studying the 
compound-specific hydrogen isotopes of long-
chain n-alkanes (δ2Hn-alk) with 29 and 31 carbon 
atoms (n-C29 and n-C31) derived from terrestrial 
higher plants (Eglinton and Hamilton, 1967). 
δ2Hn-alk reflects the change in precipitation δ2H 
and has been increasingly used in paleohydrol-
ogy studies (Sachse et al., 2012). We compare the 
new isotopic data with the Holocene records from 
Lake Keluke (Rao et al., 2014) and Lake Sugan 
(Wang et al., 2013) in the same basin to understand 
the temporal and spatial variations of climate. The 
relative input of aquatic versus terrestrial organic 
material is evaluated by the biomarker proxy Paq 
(Ficken et al., 2000) that provides ancillary infor-
mation on the depositional facies associated with 

expansion and contraction of lake volume. Lake 
surface temperatures are reconstructed by the al-
kenone-unsaturation index (UK

37) (Brassell et al., 
1986; Prahl and Wakeham, 1987; Schouten et al., 
2002)—a temperature proxy that has been used 
for estimating temperature variations of Lake 
Qinghai during the Holocene (Hou et al., 2016). 
The CESM 1.3 climate models are used to ex-
amine the differences between the pre-industrial 
period and the LGM in precipitation, evaporation, 
and surface runoff during summer, in which the 
major rainfall occurs.

Radiocarbon Dating

Eight fine-grained clays were selected at spe-
cific depths and analyzed for 14C ages (Fig. 3). 
Bulk sediments were analyzed for 14C ages by ac-
celerator mass spectrometry (AMS) at Beta Ana-
lytic Testing Laboratory. Sediments were ground-
ed and sieved to <180 microns and then treated 
with HCl acid to remove inorganic carbon prior 
to analysis. A major issue in radiocarbon dating 
is the reservoir effect that introduces inherited age 
and residence age (Hendy and Hall, 2006). The 
inherited age can derive from the input of old car-
bon by river water that carries dissolved carbon-
ate from the drainage system, while the residence 
age is caused by a delay in CO2 exchange rates 
between the atmosphere and lake bottom water. A 
review paper on the reservoir effect on the Tibetan 
Plateau reveals that reservoir ages vary spatially 
and temporally over the Tibetan Plateau (Hou 
et al., 2012). The standard approach for deriving 
the reservoir age is to compare the 14C ages of 
modern in situ carbon (e.g., extant plant materials 
and organic matter of surface sediments) and/or 
the coexistent plant remains with measured 14C 
ages. The overlying Holocene succession in the 
core site is eroded due to subaerial exposure, and 
thus the reservoir age cannot be obtained with 
modern lake surface sediments. Hence, we used 
the reservoir age derived from adjacent Lake Su-
gan in western Qaidam Basin (Fig. 1) to calibrate 
our sample ages. The reservoir age of Lake Sugan 
is estimated to be 2627 years based on the age 
difference between varve-based ages and those of 
coexisting plants (Zhou et al., 2009). The varve-
based ages are determined by the number of dark 
and light laminae couplets that characterize the 
seasonal variation of limnological conditions 
(Zhou et al., 2007). We subtract the reservoir age 
from the measured 14C ages to derive the reser-
voir-corrected 14C ages that are subsequently cali-
brated by Calib 7.0.4 software (Fig. 3).

Lipid Extraction

Total lipids were extracted with a Soxhlet ex-
tractor using the azeotrope of dichloromethane/

Figure 3. The lithostratigraphic column and the chronology of the core in the western Qa-
idam Basin are shown. The age model is constructed by applying the third order polynomial 
correlation of eight radiocarbon ages with the corresponding depth. Samples are analyzed 
for leaf wax hydrogen isotopes and UK

37 temperatures (diamonds) and 14C ages (circles).
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methanol (DCM/MeOH; 2:1 v/v) for 48 h. The 
lipid extracts were evaporated under a stream of 
pure nitrogen until dry. Organic compounds in 
total lipid extracts were separated into apolar, 
intermediate, and polar fractions using a pipette 
column filled with ca. 0.5 g of activated silica 
gel and eluted with 2 ml hexane, 4 ml DCM, and 
4 ml methanol sequentially.

n-Alkanes contained in the apolar fractions 
were re-dissolved into 1500 μL of hexane, and 
n-alkane abundances were determined using 
a Thermal Trace 1310 Gas chromatography 
(GC)-flame ionization detector (FID) fitted 
with a programmable temperature vaporization 
(PTV) injector and TG-1MS column (60 m long, 
0.25 mm i.d., 0.25 μm film thickness). Samples 
were carried by helium at a rate of 2 ml/min. GC 
oven temperature is ramped from 60 °C (hold-
ing for 1 min) to 320 °C at a rate of 15 °C/min 
(holding for 20 min). Individual n-alkanes were 
identified by comparing the elution time with a 
reference standard (Mix A6, Schimmelmann, 
Indiana University Bloomington).

The carbon preference index (CPI) of n-al-
kanes is determined using the equation:

	

CPI =

+ + + + +( )
+ + + + + +( )

+ +

∑
∑
∑

1
2

23 25 27 29 31 33

25 27 29 31 33 35

24 26 2

A

A

A 88 30 32 34+ + +( )
(1)

where A stands for the areas of the individual 
n-alkanes that are estimated by using the soft-
ware Xcalibur for chromatography analysis. 
The numbers 23–35 represent the chain length 
of n-alkanes.

The n-alkane distributions of terrestrial higher 
plants are maximized at n-C29 and n-C31, while 
submerged/floating plants are predominated by 
n-C23 and n-C25. Paq index is defined by the rela-
tive proportion of mid-chain (n-C23 and n-C25) to 
long-chain n-alkane (n-C29 and n-C31) homologs 
(Ficken et al., 2000):

	 P
A

A
aq =

+( )
+ + +( )
23 25

23 25 29 31
	 (2)

where A is identical to that in the equation for 
CPI, and the numbers indicate the chain length 
of odd-numbered n-alkanes.

Compound-Specific Hydrogen Isotope 
Analysis

Compound-specific hydrogen isotopes were 
measured using a Trace Gas chromatography 
(GC) 1310 coupled to a Thermo Delta V Advan-

tage isotope ratio mass spectrometer (IRMS) 
interfaced with a Thermo Isolink interface. The 
GC column and carrier gas flow rate were identi-
cal to the GC-FID conditions. Compounds were 
separated on the GC with the temperature be-
ing programmed from 60 °C (held for 1 min) to 
170 °C at 14 °C/min, to 300 °C at 3 °C/min, 
and then to 325 °C at 14 °C/min with an isother-
mal holding of 10 min. H3

+ factor was measured 
daily prior to isotopic analysis with an average 
of 8.5 ppm (n = 3). Samples were analyzed in 
duplicate with a mean analytical precision of 
1.5‰. Hydrogen isotope ratio values were de-
termined relative to the reference gas, calibrated 
against Mix A6 (n-C16 to n-C30; Arndt Schim-
melmann, Indiana University), and reported rela-
tive to VSMOW with two standard errors using 
the equation:

	 δ2 1 1000H = −





×

R

R
sample

standard

	 (3)

where R stands for the 2H/H ratios of samples 
and reference materials. The δ2Hn-alk values are 
reported to Vienna Standard Mean Ocean Water 
(VSMOW) and expressed in per mil (‰).

We focus discussions on the weighted mean 
δ2Hn-alk values of n-C29 and n-C31, which are cal-
culated using the equation:

	 δ
δ

2

2

H
H

alkn

i i

i

A

A
− =

×∑
∑

	 (4)

where A stands for the areas of individual n-
alkanes, and i (29 and 31) indicates carbon 
chain lengths.

Alkenone Analysis

The solvent fraction containing alkenones 
was analyzed on a Thermal Trace 1310 Gas 
chromatography (GC)-flame ionization detec-
tor (FID) fitted with programmable temperature 
vaporization (PTV) injector using a TG-1MS 
column (60 m long, 0.25 mm i.d., 0.25 μm film 
thickness) and a helium flow rate of 2 ml/min. 
The GC oven temperature was ramped from 60 
°C (holding for 1 min) to 280 °C at 20 °C/min 
and then to 325 °C at 2 °C/min with isothermal 
holding for 25 min. C37:4, C37:3, and C37:2 methyl 
alkenones display typical peak clusters that can 
be identified by the identical retention time to 
the internal laboratory reference sample on GC-
FID. Typical samples were analyzed on Gas 
chromatography-mass spectrometry (GC-MS) 
at the Massachusetts Institute of Technology to 
confirm the identification of alkenones. On GC-
MS, alkenones are identified by the major ion 
fragment of m/z 81 and molecular ions of m/z 

530.5, 528.5, and 526.5 for C37:2, C37:3, and C37:4, 
respectively. The GC retention time and mass 
spectrum of the representative sample (ZK1405-
3-4) are shown in Fig. S21. Relative abundances 
of C37:4, C37:3, and C37:2 alkenones were calcu-
lated using integrated areas determined through 
the Xcalibur software. Alkenone unsaturation 
indices (UK

37) were determined by the equation 
(Prahl and Wakeham, 1987):

	 U
C C

C C C
K
37

37 2 37 4

37 2 37 3 37 4

= −
+ +

: :

: : :

	 (5)

The conversion of UK
37  to temperature is 

based on calibration using modern lake surface 
sediments in the Tibetan Plateau that construct 
a relationship between UK

37 and summer lake 
surface temperature (Wang and Liu, 2013; Hou 
et al., 2016):

	
T = × +

= =

17 571 20 849

0 8059 26

37

2

. .

( . , )

U

R n

K

	 (6)

We apply this relationship to convert our UK
37 

data to lake temperature.

Climate Simulation during the LGM

We use the Community Earth System Mod-
el (CESM) version 1.3 to examine changes in 
precipitation, evaporation, runoff, and effective 
precipitation during the LGM relative to pre-
industrial (PI) levels in summer. Effective pre-
cipitation is expressed as the following equation:

	 P Pe t= − −E R	 (7)

where Pe represents effective precipitation, 
which equals total precipitation (Pt) minus 
evaporation (E) and runoff (R) (Oleson et al., 
2010). Models include the coupler and active at-
mosphere, land, ocean, and ice components. We 
examine two fully coupled experiments, each 
representing the simulated climate in the PI and 
the LGM, to further test changes in precipitation, 
evaporation, runoff, and effective precipitation 
during the summer of the LGM (21 ka) relative 
to the PI. The PI simulation is performed by Zhu 
et al. (2017), and all climatic forcing for the PI 
is fixed at values from A.D. 1850. The LGM 
is an extension of the simulation in Zhu et al. 
(2017), and the results of this extended LGM 
experiment were recently reported in (Tierney 
et al., 2020). Boundary conditions of the LGM, 

1Supplemental Material. Figures S1–S2 and 
Tables S1–S3. Please visit https://doi​.org/10.1130/
GSAB.S.13180184 to access the supplemental 
material, and contact editing@geosociety.org with 
any questions.
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including greenhouse gases (GHGs), orbital 
parameters, and ice sheets, follow the PMIP4 
protocol (Kageyama et al., 2017). Specifically, 
CO2, CH4, and N2O are set to 190 ppm, 375 
ppb, and 200 ppb in simulations, respectively. 
The ICE-6G reconstruction 6G (Peltier et  al., 
2015) is used for the ice sheet, and the associated 
changes in surface elevation, albedo, and land-
ocean distribution are derived from the ICE-6G 
reconstruction. This LGM simulation well cap-
tures the global cooling estimated from proxy 
data synthesis (Tierney et al., 2020).

RESULTS AND DISCUSSIONS

14C Ages of the Qaidam Core

We obtained eight radiocarbon ages from bulk 
sediments. The chronology of eight radiocarbon 
dating ages is best modeled with the third order 
polynomial curve that is extrapolated to derive 
the youngest (ZK1405-2-1; 10,878 yr) and old-
est (ZK1405-44-24; 45,648 yr) ages. Ages for 
samples between dating points are derived from 
interpolation. The established chronology en-
ables us to interpret biomarker and isotope proxy 
records on the millennial time scale.

Lake Temperature Reconstructions

The evolution trend of lake temperatures 
(Fig.  4A) broadly follows the Northern 
Hemisphere summer insolation, with high (low) 
temperatures corresponding to high (low) summer 
insolation (Fig. 4C). The lake temperatures are 

warm at 45–39 ka and 37–33 ka (Fig. 4A) similar 
to the temperatures in Lake Qinghai during the 
early Holocene (9–5 ka) and late Holocene (since 
ca. 3 ka) (Hou et al., 2016). Our lake temperature 
reconstructions agree with the pollen records 
of Qilian Shan that suggest an interglacial 
temperature condition with a higher tree line 
during the MIS 3 (Herzschuh et al., 2006). Low 
temperatures during 39–37 ka coincide with 
the Heinrich 4 (H4) event that occurs at ca. 38 
ka in the Greenland ice core record (Hemming, 
2004). The lake temperatures decrease and reach 
the second low stage during 21–19 ka, which is 
within the duration of global LGM (26.5–18 ka) 
(Mix et al., 2001; Clark et al., 2009); the average 
lake temperature is lower than the early Holocene 
Climate Optimum (9–5 ka) by >6 °C (Fig. 4A). 
Lake temperatures increase after the LGM, 
which is synchronous with Northern Hemisphere 
warming (Shakun et al., 2012) and interrupted by 
another significant cooling during the Younger 
Dryas (YD) at ca. 13 ka (Alley, 2000).

Distribution of n-Alkanes

The n-alkanes (from n-C23 to n-C35) preserved 
within the sediment core have CPI values rang-
ing from 1 to 12.8 with a mean of ∼3.7 (Table S1; 
see footnote 1), indicating the least possibility of 
thermal alteration after deposition (Eglinton and 
Hamilton, 1967). In addition, sediments have 
never been significantly buried or heated. The 
Paq values—the proxy measuring the inputs of 
submerged/floating aquatic macrophytes relative 
to emergent and terrestrial species (Ficken et al., 

2000)—vary from 0.05 to 0.63 with a mean val-
ue of ∼0.39.

Paleohydrology Reconstructions

δ2Hn-alk values during the last glacial period 
are generally lower than the late Holocene val-
ues from Lake Sugan (Wang et al., 2013) except 
for three excursions with high isotopic values 
(Fig.  4B). The δ2Hn-alk values vary between 
−181‰ and −199‰ at 45–39 ka followed by a 
positive shift with the highest value of −167‰ 
at 37 ka. After the excursion, the δ2Hn-alk values 
shift to a low value of −192‰ at 35 ka. The low 
δ2Hn-alk values persist until the second excursion 
occurs at 22 ka with the highest δ2Hn-alk value 
of the whole time series: −152‰. The δ2Hn-alk 
values shift from –152‰ at 22 ka to −204‰ at 
20 ka and gradually increase until the end of the 
last glacial period.

Removal of Temperature Effect from 
δ2Hn-alk

The variation of modern precipitation δ2H 
values in arid central Asia, including the Qaidam 
Basin, is driven predominantly by temperature 
(Araguás-Araguás et al., 1998) (Fig. 1 and S1; 
see footnote 1). Colder regional temperatures 
result in 2H-depleted precipitations (hence 
low δ2H values) due to the larger isotopic 
fractionation effect. However, low δ2Hn-alk values 
during MIS 3 and deglaciation are unlikely 
to be the result of high lake temperatures as 
indicated by the UK

37 record (Fig.  4A). To 
investigate the effects of non-thermal factors 
on hydrogen isotopic composition, we first 
removed the effect of temperature on the δ2Hn-

alk record by subtracting the 2H depletion and 
enrichment induced by temperature variations. 
The adjusted δ2Hn-alk values are represented 
by δ2Hn-alk-T, reflecting the change of moisture 
source and water balance due to precipitation 
and evaporation. To reasonably compare 
hydrological conditions during the last glacial 
period and the Holocene, we use the same 
strategy to remove the temperature effect from 
the Holocene δ2Hn-alk record for Lake Keluke 
(also called Lake Hurleg) in the eastern Qaidam 
Basin (Fig. 4B). The late Holocene alkenone-
based UK

37 temperatures from Lake Qinghai 
(Hou et al., 2016) are considered feasible for 
inferring the contemporary temperature in the 
Qaidam Basin, as the annual temperatures of 
Lake Qinghai (0.1 °C) (An et al., 2012) are close 
to those of the Qaidam Basin (2 °C) at present 
(Yao et al., 2013). The detailed procedures for 
removing the temperature effect are as follows:

(1) We calculate the temperature differences 
(ΔT) for samples of the Qaidam Basin during the 

Figure 4. UK
37 temperatures and 

δ2Hn-alk records since 45 ka are 
noted. (A) The alkenone-based 
UK

37 temperature records for the 
core between ca. 45 ka and 11 ka 
(black line; this study) and Lake 
Qinghai in the Holocene (gray 
line; Hou et  al., 2016). (B) The 
weighted mean n-alkane hydro-
gen (δ2Hn-alk) isotope records of 
n-C29 and n-C31 from the core 
(diamonds; this study); δ2Hn-alk 
record from Lake Keluke dur-
ing the Holocene (gray line; 
Rao et  al., 2014). The dashed 
line represents the mean δ2Hn-alk 
value from a 1700-year-long re-
cord of δ2Hn-alk for Lake Sugan 
(Wang et al., 2013). (C) June in-
solation at 30°N (Berger, 1978). 

Shaded bars show the intervals of the Last Glacial Maximum (LGM) and late Marine Iso-
tope Stage (MIS) 3. Black triangles along the horizontal axis represent 14C ages used for the 
age model of the Qaidam core.
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last glacial period relative to the latest Holocene 
temperature (18 °C) of Lake Qinghai (Hou 
et al., 2016).

(2) The δ2Hp-δ18O relationship from the me-
teorological station at Delingha is used to obtain 
the δ2Hp temperature relationship. The slope of 
the δ18O temperature relationship is 0.65‰/°C, 
and the slope of the local meteoric water line is 
6.8 (Tian et al., 2003). The calculated slope of 
the δ2Hp-temperature is 4.4‰/°C. The ΔT cal-
culated in step (1) is then converted to the dif-
ference in δ2Hp.

(3) The relationship between δ2Hp and 
δ2Hn-alk is expressed by the equation: 
ε δ δ εn n n− − −= + + −alk p alk p alk pH H/ // .2 21 1 1  is de-
fined as the apparent fractionation factor (Polis-
sar et al., 2009). Regional compilations of ap-
parent fractionation across the Tibetan Plateau 
show that εn−alk p/  is invariant despite significant 
changes in climate and ecology across the pla-
teau (Zhuang et al., 2014; Zhang et al., 2017). 
We use the /εn−alk p values of −102‰ in the 
Qaidam Basin (Zhuang et al., 2014) to convert 
the temperature-dependent difference in δ2Hp 
(Δδ2Hp) to that difference in δ2Hn-alk (Δδ2Hn-alk).

(4) We correct δ2Hn-alk by subtracting Δδ2Hn-alk 
to obtain a δ2Hn-alk record with the temperature 
effect removed (δ2Hn-alk-T).

(5) For comparison, we process the δ2Hn-alk 
record of Lake Keluke and Lake Sugan in the 
same way (Fig. 5B).

The temperature-corrected δ2Hn-alk-T record 
of the Qaidam core shows the larger amplitude 
and different structure of the isotope pattern as 
compared to those of the uncorrected δ2Hn-alk re-
cord. This suggests there is a strong temperature 
control on terrestrial biomarker δ2Hn-alk values 
in this area. The removal of temperature effect 
shifts δ2Hn-alk-T values to more negative values 
between 30 ka and 37 ka with a minimum value 
of −203‰ while producing more positive val-
ues between 11 ka and 30 ka with a maximum 
value of −135‰ (Fig. 5B). After removing the 
temperature effect, our discussions focus on 
the temperature-corrected δ2Hn-alk-T records to 
understand the evolution of the moisture source 
and precipitation/evaporation balance.
δ2Hn-alk-T values vary in a wide range of ∼70‰, 

reflecting dramatic changes in hydrology during 
the last glacial period. Data show low values 
during late MIS 3 and deglaciation (20–11 ka) 
and high values during the LGM (27–18 ka) 
(Fig. 5B). The extreme aridity in the three short 
periods (39–37 ka, 22–21 ka, and 13–11 ka) is 
inferred by the positive excursions, corresponding 
to the H4, H2, and YD, respectively. The H1 and 

H3 events are not as prominent as the YD, H2, 
and H4 events in the new isotopic record.

Strong Asian Summer Monsoons during 
Late MIS 3

New δ2Hn-alk-T values and UK
37-based lake 

temperatures co-vary with the summer insola-
tion during the last glacial period. Low isotopic 
values and warm temperatures occur during the 
high summer isolation period, while high isoto-
pic values and cold temperatures occur during 
the low summer insolation period (Figs.  5A–
5C). Speleothem δ18O records from the Dongge 
and Hulu Caves in East Asia show similar isoto-
pic patterns with low precipitation δ18O values 
corresponding to enhanced rainfall during high 
summer insolation and high δ18O values corre-
sponding to reduced rainfall during low summer 
insolation (Fig. 5E) (Dykoski et al., 2005; Wang 
et al., 2008). The intensity of the Asian summer 
monsoons is primarily controlled by land-ocean 
thermal contrast, latent heating over the Tibetan 
Plateau, and equatorial Pacific sea surface tem-
perature at both the millennial and precessional 
scale (Webster et al., 1998; Molnar et al., 2010; 
Wu et al., 2012; Caley et al., 2014). Plant wax 
δ2Hn-alk records (Thomas et al., 2016; Hou et al., 
2017) and ostracod δ18O records (Chen et al., 
2016) from Lake Qinghai indicate that the Asian 
summer monsoons were strong during the early 
Holocene when summer insolation was high. 
Our new δ2Hn-alk-T records from the drill core 
for late MIS 3 (30–45 ka), except for the H4 
event (Fig. 5B), have similar isotopic values to 
that of Lake Keluke during the early Holocene 
(Rao et al., 2014). Given that the Qaidam Basin 
lies on the boundary between the Westerlies and 
the Asian summer monsoons, we argue that the 
strong Asian summer monsoons that are driven 
by precessional forcing penetrated further into 
Central Asia during the warm, late MIS 3, result-
ing in increased precipitation and lower δ2Hn-alk-T 
values as demonstrated in the Qaidam core.

The isotopic records from Central Asia 
support our interpretation of enhanced northward 
penetration of Asian summer monsoon moisture 
associated with migration of the climatic 
boundary into the Asian interior during MIS 3. 
Speleothem δ18O records from the Ton Cave and 
Kesang Cave near the present Westerlies area 
further west of our study area (Fig. 1) show the 
cyclic incursions of Asian summer monsoons into 
Central Asia since ca. 500 ka (Cheng et al., 2012). 
The leaf wax δ2Hn-alk record from the Pamirs at the 
southwestern border of the Westerly-influenced 
region reveals a similar pattern during the early 
Holocene when summer insolation is high and the 
strong Asian summer monsoons penetrate deep 
into Central Asia (Aichner et al., 2019).

Figure 5. Regional paleoclimatic 
records since 45 ka are shown. 
(A) The insolation at 30°N in 
June (Berger, 1978). (B) Calcu-
lated δ2Hn-alk-T values corrected 
for temperature effect on pre-
cipitation δ2H for core samples 
in the western Qaidam Basin 
(diamonds; this study) and Lake 
Keluke in the eastern Qaidam 
Basin (gray line) (Rao et  al., 
2014). The dashed line repre-
sents mean δ2Hn-alk-T values from 
Lake Sugan (Wang et al., 2013). 
(C) The UK

37-based tempera-
tures for the core (black line; 
this study) between 45 ka and 
11 ka and Lake Qinghai in the 
Holocene (gray line; Hou et al., 
2016). (D) Submerged aquatic 
macrophyte versus terrestrial 
higher plants (Paq) ratio for the 
study core. (E) Speleothem δ18O 
records from the Dongge (gray 
line; Dykoski et  al., 2005) and 
Hulu Caves (black line; Wang 
et al., 2008). (F) Grain-size data 

from eolian deposits on the Chinese Loess Plateau (Rao et al., 2013). Gray bars denote the 
Younger Dryas (YD) and Heinrich events (H1 to H4). VPDB—Vienna Pee Dee Belemnite; 
SMOW—Standard Mean Ocean Water.
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Low δ2Hn-alk-T values are concurrent with 
peak Paq ratios between 30 ka and 37 ka. 
(Fig. 5D). The high Paq values could result from 
either an increase of aquatic macrophytes and/
or a decrease of terrestrial plant input. Paleo-
shoreline records from the Tibetan Plateau and 
adjacent desert regions show that the paleo 
lakes (Fig. 1) expanded at ∼40–30 ka with lake 
levels 30–280 m higher than at present (Chen 
and Bowler, 1986; Zhang et al., 2008). Given 
that the terrestrial plants expanded during MIS 
3 in the northern Tibetan Plateau (Herzschuh 
et al., 2006), we suggest that the variations in 
Paq values reflect changes in local hydrological 
conditions that result in a substantial increase in 
the proportion of biomarkers produced by the 
aquatic plants relative to those produced by the 
terrestrial plants and preserved in the sediment 
core. High Paq values at ca. 37–30 ka are likely to 
reflect a shift in the paleohydrological condition 
of the paleolake from shallow and proximal 
to a deep and distal lacustrine environment 
accompanied by enhanced lake production 
during the strong Asian summer monsoon period.

Previous results are interpreted to show that 
the wet climate during late MIS 3 in northwest-
ern China is linked to increasing circulation of 
the Westerlies during the glacial period (Yang 
et al., 2004). The Westerlies’ wind index of grain-
size data from Tianshan and the Chinese Loess 

Plateau along the Westerlies route supports the 
argument that the Westerlies were stronger dur-
ing MIS 3 than at present but weaker than during 
the LGM (Fig. 5F) (Sun et al., 2012; Rao et al., 
2013; Li et al., 2016). However, in the Westerly-
controlled Mediterranean region, lake levels 
during MIS 3 were lower than during the LGM 
due to the weaker storm track of the Westerlies 
(Bartov et al., 2003; Torfstein et al., 2013). Our 
low δ2Hn-alk-T values suggest that the late MIS 3 
was wetter than during the LGM, which differs 
from hydrologic patterns in the core area of the 
Westerly-influenced region. Hence, we infer that 
the warm, wet paleoclimate is associated with 
intensified Asian summer monsoons rather than 
with the Westerlies.

High Effective Precipitation and Reduced 
Evaporation during the LGM

δ2Hn-alk-T values increase from the end of 
MIS 3 to the LGM (Fig. 5B). We interpret that 
increasing δ2Hn-alk-T values indicate that the cli-
mate became drier as the Asian summer mon-
soons retreated from Central Asia when summer 
insolation declined. As a result, the Westerlies 
advanced and acted as the primary moisture 
source to the Qaidam Basin during the LGM. 
A southward extension of the ice sheet in the 
Northern Hemisphere during the LGM poten-

tially enlarged the meridional thermal gradient 
and strengthened the mid-latitude Westerlies 
(COHMAP members, 1988; Toggweiler and 
Russell, 2008; Sun et  al., 2012; Wang et  al., 
2018). Grain-size analysis and hydrologic re-
construction of lacustrine sediments from the 
northeastern Tibetan Plateau supports cold and 
dry climate being associated with the enhanced 
Westerlies during the LGM (An et  al., 2012; 
Wang et al., 2014; Thomas et al., 2016). Pollen 
records also show an increase in cold-tolerant 
and arid-tolerant plants, represented by alpine 
desert and alpine sparse during the LGM in 
nearby Qilian Shan (Herzschuh et al., 2006).

During the LGM, δ2Hn-alk-T values of the Qa-
idam core were lower than those of Lake Sugan 
(Fig. 5B), which implies a less arid climate. The 
δ2Hn-alk-T values are comparable to those of Lake 
Keluke since the late Holocene, indicating that 
LGM hydrological conditions in Western Qa-
idam were similar to those in the eastern part 
at present. Our climate simulations of the LGM 
show that summer precipitation decreases in 
the western Qaidam Basin by 0.25–0.5 mm/day 
more than during the PI (Fig. 6A). The modeled 
evaporation is also reduced during the LGM rel-
ative to that of the PI, likely resulting from low 
temperatures due to minimal summer insolation 
(Fig. 6B) (Allen et al., 1998). The runoff also 
declines during the LGM, reflecting a reduction 

A B

C D

Figure 6. Numerical modeling results are plotted on Hovmoller diagrams for (A) precipitation, (B) evaporation, (C) runoff, and (D) effective 
precipitation (Pe; calculated from Equation 7) during summer. Model results for precipitation include both liquid (rain) and solid (snow). 
The yellow star indicates the Qaidam Basin. Units: mm/day. LGM—Last Glacial Maximum; PI—pre-industrial.
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in soil water infiltration and recharge (Fig. 6C). 
The reduction in evaporation and runoff surpass-
es that of precipitation, leading to an increase 
in effective precipitation (Pe) during the LGM 
relative to that of the PI (Fig. 6D). Recent iso-
tope proxy data and climate simulation results 
from the Pamirs also highlight the importance 
of decreased summer evaporation in triggering 
lake transgression during the last glacial period 
(Aichner et al., 2019). The climate simulation 
results support our interpretation of δ2Hn-alk-T re-
cords for an overall cold, arid climate during the 
LGM that was wetter than at present.

Short-Period Aridity During Extreme Cold 
Events

Three pronounced positive δ2Hn-alk excursions 
and cold UK

37 temperatures during the YD, H2, 
and H4 events indicate millennial-scale pulses of 
aridity (Fig. 5). Proxy records and climate mod-
els suggest that freshwater discharge from the 
Laurentide ice sheet during the Heinrich stadials 
slowed down the Atlantic meridional overturn-
ing circulation and reduced the northward oce-
anic heat transport, which cooled the Northern 
Hemisphere (Bond et al., 1997; Kageyama et al., 
2010; Sun et al., 2012; Henry et al., 2016). The 
change in Atlantic circulation drove the short pe-
riod of aridity in both the Westerly and monsoon 
areas. For example, the shoreline record of paleo-
lake Lisan in the eastern Mediterranean region 
shows that the general high lake level during the 
LGM was interrupted by drought phases during 
the Heinrich events, which resulted from a brief 
shutdown of Mediterranean storm activity due 
to the cooler ocean temperature (Bartov et al., 
2003; Torfstein et al., 2013). Pollen records from 
the Yili Basin in Central Asia suggest that an arid 
climate during the Younger Dryas was associated 
with cooling of the North Atlantic sea surface 
temperature (Li et al., 2011b). In East Asia, cli-
mate models indicate that cooling in the North 
Atlantic shifts the intertropical convergence zone 
southward and weakens the summer monsoons 
(Zhang and Delworth, 2005; Sun et al., 2012), 
which is in agreement with the speleothem and 
loess/paleosol records (Dykoski et  al., 2005; 
Wang et al., 2008; Rao et al., 2013).

CONCLUSIONS

New biomarker and isotope proxy studies 
show that the paleohydrology and lake tempera-
tures of the Qaidam Basin varied in response to 
precessional forcing during 45–11 ka. A new 
δ2Hn-alk-T record shares similar characteristics 
with the isotopic signatures from Asian summer 
monsoon-influenced regions: the lower δ2Hn-alk-T 
values and enhanced precipitation occurred dur-

ing high summer insolation. We suggest that the 
enhanced northward penetration of Asian sum-
mer monsoon moisture produced a wetter cli-
mate during the late MIS 3 (45–39 ka and 37–33 
ka) with the climate boundary between the West-
erlies and the Asian summer monsoons penetrat-
ing further into Central Asia under high summer 
insolation. A cold, arid climate dominated the 
region during the LGM, when the Asian sum-
mer monsoons retreated, but with a substantial 
reduction in evaporation and surface runoff. We 
ascribe this to the unique location of the Qaidam 
Basin that links the Westerlies and Asian sum-
mer monsoons in the Northern Hemisphere. The 
two atmospheric systems alternately control the 
climate in the Qaidam Basin as a result of their 
relative strength. Extreme aridity is induced by 
the interruption of moisture transport from the 
Westerlies and Asian summer monsoons dur-
ing the North Atlantic events. New isotopic and 
temperature data support the cold, dry climate 
in glacial/stadial periods and warm, wet climate 
in interglacial/interstadial periods. These new 
results provide evidence that the paleo-lake may 
have expanded during the LGM due in large part 
to the effect of reduced evaporation.
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