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A B S T R A C T   

Moisture transportation to (semi-)arid Central Asia is influenced by the interplay of multiple atmospheric cir
culation patterns. The mechanism underlying the hydroclimate evolution in CA has recently received increasing 
attention. In northeastern CA, most of the precipitation falls in summer, counter to other westerly-dominated 
regions of CA where precipitation maximizes in boreal winter. The marine isotope stage (MIS) 3 offers a 
unique opportunity to examine the mechanisms driving hydroclimate variations during warm periods of the ice 
age in the CA. However, due in part to reliable proxies for reconstruction, the hydroclimate and vegetation 
change during MIS3 in northeastern CA have not been well studied. Here, we use grain size and magnetic 
susceptibility data from the Zeketai loess profile to reconstruct historical shifts in precipitation patterns during 
MIS3 in the Ili Basin from arid Central Asia (ACA). Notably, abrupt changes around 35 ka are evident in the grain 
size and magnetic susceptibility records, reflecting a transition to reduced wind intensity and increased aridity. 
Subsequent analysis of plant leaf waxes (n-alkanes), hydrogen isotopic composition of n-alkanes (δDn-alkane), and 
stable carbon isotope ratios of total organic carbon (δ13Corg) within the loess profile indicates a concurrent shift 
towards more shrubs, aligning with reduced moisture availability. The δ13Corg record further elucidates that 
during MIS3, the Ili Basin predominantly harbored C3 vegetation. However, the alteration in δ13Corg and δDn- 

alkane to more positive values at approximately 35 ka substantiates the transition to more drought-resistant 
vegetation. Furthermore, we link the paleo-hydroclimate variations to the decrease in solar radiation and the 
strengthening of the Atlantic Meridional Overturning Circulation (AMOC) and Siberian High during late MIS3. 
This joint influence weakens the Westerly winds and subsequently diminishes the conveyance of moisture to CA.   

1. Introduction 

Central Asia (CA) spans a vast area from the Caspian Sea in the west 
to northwest China in the east, characterized predominantly by a (semi-) 
arid continental climate. Given the limitation in water resources, gain
ing an improved understanding of the hydroclimate evolution and its 
driving factors holds significant importance for fostering sustainable 
agriculture practices and the protection of vulnerable ecosystems across 
CA. The modern (hydro)climate in arid Central Asia (ACA) is dominated 
by the Westerlies, a wind system that forms a connection between the 

polar air masses within the Northern Hemisphere and East Asia. In 
southwestern ACA, the westerlies are associated with (semi)arid con
ditions, and most of the precipitation falls during winter and spring in 
the northwest (Xu et al., 2010), while in the northeast, precipitation 
maximizes during summer (Zhao et al., 2022). This contrasts starkly 
with East Asia, where the influence of the East Asian Summer Monsoon 
(EASM) prevails, ushering in warmer and more humid climatic condi
tions with the majority of precipitation falling during summer (e.g., 
Chen et al., 2015; Wang et al., 2017). 

While the Pleistocene precipitation dynamics of monsoonal East Asia 
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have been extensively documented through cave speleothems (e.g., 
Cheng et al., 2009; Wang et al., 2001) and loess-paleosol sequences from 
the Chinese Loess Plateau (CLP) (e.g., Guo et al., 2002), the hydro
climate study of Westerlies-dominated areas has primarily focused on 
the Holocene (Chen et al., 2008, 2019) and the Last Glacial Maximum 
(Li et al., 2022). The hydrological history of other Quaternary periods in 
CA has received comparatively less attention, due in part to reliable 
proxies for precipitation reconstruction, hindering a comprehensive 
understanding of hydroclimate dynamics within CA. 

The marine isotope stage (MIS) 3 (57–24 ka B.P.), represents an 
interstadial during the last glaciation, marked by a series of abrupt 
millennial-scale climatic transitions observed in the North Atlantic, e.g. 
colder Heinrich (H) events and warmer Dansgaard–Oeschger (D–O) 
events (North Greenland Ice Core Project members, 2004). Commonly 
referred to as the Bond cycle, these climatic transitions typically 
commenced with two successive warmer D–O events and culminated in 
a colder Heinrich event, each persisting for approximately 10 to 15 ka 
(Agosta and Compagnucci, 2016). Despite MIS3 being a relatively 
warmer stage during the glacial period, the global ice volume and 
northern hemispheric solar insolation during this period significantly 

differ from those of the Holocene. As a result, MIS3 offers a distinctive 
opportunity to examine the underlying mechanisms driving hydro
climate variations during relatively warm periods of the ice age in the 
CA. 

Loess deposits that are widely distributed in CA may provide climate 
archives to document the paleoclimate changes during the MIS3. Ex
amination of loess proxy records from northern CA throughout the last 
glaciation has revealed the presence of several millennial-scale abrupt 
climatic events that can be linked to the Greenland ice core record (Ye 
et al., 2000; Li et al., 2016; Song et al., 2018), suggesting that they are 
suitable archives of sub-orbital scale climate variations. In the Ili Basin, 
the clay component (< 4 μm) (Fig. 1A, E et al., 2014) or fine fraction (<
10 μm) (TLD, Fig. 1A, Zhang et al., 2015) of the loess profile experienced 
a decrease, mirroring analogous changes observed in oxygen isotope 
records from Greenland ice cores during Younger Dryas and Heinrich 
events. Similar findings were observed in the Zhaosu loess Section (ZSP, 
Fig. 1A) in the upper reaches of the Tekes River region, suggesting a 
potential connection between CA and North Atlantic climate patterns on 
the millennial scale (Song et al., 2018). Meanwhile, investigations into 
the Nilek Loess profile (NLK, Fig. 1A) along the Kashi River bench 

Fig. 1. (A) Geographical context of the Zeketai loess section (yellow star) in northwest China. Locations of other MIS3 records used for comparison are also shown: 
Tacheng loess (Li et al., 2019), Zhaosu loess (Song et al., 2018), Talede loess (Zhang et al., 2015), Nilka loess (Li et al., 2018), Balikun lake (Zhao et al., 2017); (B) 
Location of the study area (rectangle), and the climatic circulation systems including Atlantic Meridional Overturning Circulation (AMOC), the Westerlies, Siberian 
High, and East Asia summer monsoon (EASM) are also shown; (C) DEM map showing local geomorphic context of the study area; (D) & (E) Mean 850 hPa (~1500 m 
a.s.l.) streamline (5 m/s) in study region for the year 1979–2019 (data from the European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA)- 
Interim data sets, Hersbach et al. (2019), (D) and (E) show the circulation in summer (JJA) and winter (DJF), respectively. The yellow pentagram indicates the 
location of the Zeketai (ZKT) loess; (F) averaged monthly precipitation, moisture, and temperature in the nearest meteorological station Bayanbulak for the year 
1980–2010 (data from http://data.cma.cn). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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indicated that, in addition to mid-latitude westerly winds, abrupt 
climate signals can also be conveyed from the high latitudes of the 
Northern Hemisphere through the Siberian high (Li et al., 2018). Despite 
these efforts to explore the paleoclimate over the last glaciation, the 
paleoclimate evolution, in particular, the hydroclimate, during MIS3 is 
still poorly characterized. 

Here we aim to reconstruct the climate history of northern CA during 
MIS3, a period characterized by millennial-scale changes in the North 
Atlantic (Wang et al., 2008), based on the Zeketai loess section in the Ili 
Basin of northwest China (Fig. 1). The 22.5-m-thick Zeketai loess section 
covers the past 77,000 years (E et al., 2014). However, the uppermost 
layer exhibits disturbances and the optically stimulated luminescence 
(OSL) signal in layers below 11 m has reached saturation. Consequently, 
our focus rests on the interval between 2 and 11 m, corresponding to a 
timeframe of 19 to 54 ka. This study combined the existing grain size 
data for this section (E et al., 2014) with magnetic susceptibility to 
generate continuous, high-resolution records of the Westerlies (as re
flected by grain size) and precipitation intensity (reflected by magnetic 
susceptibility) in CA during MIS3. Furthermore, an assessment of 
vegetation response to reconstructed (hydro)climatic changes in CA is 
conducted by analyzing the stable carbon isotopic composition of the 
total organic carbon (TOC), as well as the assemblage of plant leaf waxes 
(n-alkanes) and their stable hydrogen isotope (δDn-alkane) stored in the 
same loess section. 

2. Material and methods 

2.1. Site description and sample collection 

The Zeketai section (43◦32’14′N, 83◦18′50″E; ~1000 m a.s.l.) is 
located at the alluvial and diluvial terraces on the north bank of the 
Kunse River, a tributary of Ili River, north of the Tianshan foothills. The 
site is next to the Zeketai Brick Factory, merely 1 km east of Zeketai 
Town in Xinyuan County of the Xinjiang Uygur Autonomous Region, 
China (Fig. 1 for geographical context). The mean annual temperature in 

Xinyuan region is 8 ◦C and mean annual precipitation is 480 mm, with 
an approximate annual potential evaporation of 1200 mm;E et al., 
2014). The airmass prevailing at altitudes ≥1.5 km a.s.l. (850 hPa) is 
consistently influenced by the westerly jet stream (Fig. 1D, E), whereas 
closer to the ground, the prevailing wind direction is predominately 
from the east (E et al., 2014). The Zeketai section is covered by typical 
steppe vegetation, dominated by Gramineae and Artemisia. 

The upper 11 m of the Zeketai section consists of a sequence of 
Holocene soil (indicated by black bar in Fig. 2), alternating loess (light 
gray bar in Fig. 2), and paleosol layers (dark gray bar in Fig. 2). The 
upper Holocene soil layer (0–1 m, dated at 13.28 ± 1.00 ka at 1 m, all 
OSL ages from E et al., 2014) is enriched in organic matter and car
bonate, overlaying a light-yellow loess layer (1–6 m, 13.28 ± 1.00 ka to 
34.78 ± 2.92 ka; corresponding to MIS2 and MIS3a), which is relatively 
dense and has no visible traces of biological activity. Under that lies a 
weakly developed paleosol layer (6–9 m, 34.78 ± 2.92 ka to interpo
lated 47.76 ka; denoted as MIS3b), possessing a similar color to the 
preceding layer yet displaying higher organic matter and similar car
bonate concentrations. Subsequently, a consolidated yellowish loess 
layer (9–11 m, interpolated 47.76 ka to 54.51 ± 4.22 ka; designated as 
MIS3c) is encountered. This stratum exhibits limited organic matter and 
carbonate content while presenting no discernible indications of bio
logical activity. 

For this study, a total of 227 samples were collected at 5 cm reso
lution within the interval between 2 and 11.2 m in 2010, yielding an 
average resolution of ~200 years. The uppermost 2 m of the section has 
been disturbed by anthropogenic activity and is therefore not included 
in this study. The age-depth model was determined by linear interpo
lation using the OSL ages from E et al. (2014) (Fig. 2). The grain size 
(Fig. 3A) and TOC (Fig. 3B) of these samples have been documented in a 
previous study by E et al. (2014). 

2.2. Magnetic susceptibility 

All samples were dried in an oven at 45 ◦C, then gently ground to 

Fig. 2. Linear interpolation age-depth model of the Zeketai section based on previous OSL ages (E et al., 2014).  
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Fig. 3. Comparison of climate records during MIS3. (A) content of <2 μm grain size fraction in the Zeketai loess (E et al., 2014); (B) Total Organic Carbon content 
(TOC) of Zeketai loess (E et al., 2014); (C) magnetic susceptibility (this study); (D) δ13Corg record of Zeketai Loess (this study); (E) n-alkane index of grass/shrub =
C33/ (C33 + C27) (this study) and hydrogen isotope composition of n-alkanes (δ2HnC29 in filled square, δ2HnC31 in open square; this study); (F) pollen percentage in 
sediment core BLK11A from Balikun Lake (Zhao et al., 2017); (G) Change of Northern Hemisphere summer insolation (21 June) at 65◦ N (Laskar et al., 2004), NGRIP 
ice core δ18O (North Greenland Ice Core Project members, 2004), Arabic numbers: Interstadials warm events; H: Heinrich cold events.; (H) Westerlies swing indicated 
by Sofular cave δ13C (Fleitmann et al., 2009); (I) median grain size of Tacheng loess (Li et al., 2019); (J) AMOC strength from Pa/Th of bulk sediment (Henry et al., 
2016); (K) precession (Laskar et al., 2004) and the mean grain size (GS) of Jingyuan loess in the western CLP, indicating the intensity of SH (Sun et al., 2010). 
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powder with a ceramic mortar, and then passed through a 250 μm-mesh 
sieve to remove impurities such as plant roots. About 5 g of the ground 
and homogenized sample was analyzed using a Bartington MS2 mag
netic susceptibility meter at low frequency (470 Hz), with the apparatus 
producing an alternating magnetic field of 200 A/m. To ascertain 
reproducibility, the samples were measured in triplicate. All reported 
values are based on the average of these measurements and corrected for 
the density of the samples. 

2.3. Bulk stable organic carbon isotope analysis 

Samples were selected at 10 cm intervals spanning from 2 m to 11.2 
m for total organic carbon isotope analysis. Plant roots and large par
ticles were removed from the samples, which were then mechanically 
crushed and fully ground to a uniform powder, subsequently sieved 
through a 75 μm-mesh sieve. About 2–3 g of each powdered and ho
mogenized sample was treated with HCl to remove carbonates, 
following which 6–8 mg of each treated sample was wrapped into tin 
cups. The samples were analyzed with an MAT-253 isotope mass spec
trometer (Thermo Fisher Scientific), using national standards 
(GBW04407 and GBW04408 black carbon). The measured carbon iso
topic values of the samples are expressed in δ13C relative to the V-PDB 
standard. 

2.4. Lipid and compound-specific hydrogen isotope analysis 

A total of 45 samples were chosen at a resolution of ca. 1 ka, 
including additional samples spanning the interval of 31–35 ka for lipid 
analysis. About 23–80 g of each sample was mixed with quartz sand and 
extracted with an accelerated solvent extraction instrument (Thermo 
Scientific Dionex ASE 100) using a mixture of dichloromethane and 
methanol (9:1, v/v). The obtained lipid extracts were evaporated to near 
dryness through a rotary evaporator, and then further dried under a 
gentle stream of nitrogen gas. The total lipid extract was separated over 
an activated silica gel column into a non-polar fraction (n-alkanes) by 
eluting with n-hexane, and a polar fraction by eluting with methanol. 
The non-polar fractions, containing the n-alkanes, were dissolved in n- 
hexane and analyzed using a Shimadzu Gas Chromatograph GC2010, 
equipped with a ZB-5MS quartz capillary column (60 m × 0.25 mm ×
0.25 μm). The initial oven temperature was set at 70 ◦C, progressively 
raised to 210 ◦C at 10 ◦C/min, then raised to 300 ◦C at 3 ◦C/min, and 
maintained for 46 min. The inlet temperature was set at 300 ◦C, splitless, 
with helium as carrier gas. The temperature of the flame ionization 
detector (FID) was set at 320 ◦C. 

The carbon preference index (CPI), capturing the predominance of 
odd-numbered compounds over even-numbered compounds, was 
calculated according to Marzi et al. (1993) based on the abundances of 
C25-C33 n-alkanes. 

The hydrogen isotopic compositions of n-alkanes in 14 samples were 
measured with a GC isotope ratio mass spectrometer (GC-IRMS; Thermo 
Trace Ultra GC coupled to a Delta V Advantage IRMS). The GC was 
equipped with a DB-5 MS column (30 m × 0.25 mm I.D. × 1 μm film 
thickness). Helium was used as the carrier gas at a constant flow of 1 
mL/min. The heating program of GC oven was as follows: 50 ◦C (held for 
1 min) to 210 ◦C at 10 ◦C/min (held for 2 min), then elevated to 300 ◦C 
at 4 ◦C/min (held for 2 min), and finally to 310 ◦C at 10 ◦C/min. The GC 
injector was set at 280 ◦C with splitless mode. The high-temperature 
conversion system (HTC-reactor tube f.H2, Thermo Scientific) was car
ried out at 1400 ◦C. The δ2H values were calculated against an internal 
standard (squalane, δ2H -167‰). An in-house standard (containing C23, 
C25, C27, C29, C31, and C33 n-alkanes) was analyzed between every four 
runs to examine instrument status. The H3

+ factor was almost constant 
(standard deviation < ±0.1) during the sample runs. Standard de
viations for δ2Hn-alkanes were < 5‰ based on at least duplicate analysis of 
each sample. δ2Hn-alkanes results are reported relative to Vienna Standard 
Mean Ocean Water (VSMOW). 

3. Results 

3.1. Magnetic susceptibility 

The low-frequency susceptibility of the Zeketai profile ranged from 
30.30 × 10− 8 to 65.11 × 10− 8 m3/kg, with an average value of 46.99 ×
10− 8 m3/kg. The magnetic susceptibility is generally higher in the 
paleosol layer compared to the loess layers (Fig. 3C). Specifically, 
magnetic susceptibility is lowest during MIS3c, and it subsequently rises 
in the paleosol layer representative of MIS3b, and maintains stability 
until ~35 ka, after which it begins to decrease. Subsequently, from 
around 30 ka onwards, there is another rise in magnetic susceptibility, 
persisting in a stable state from ~27 ka. 

3.2. Bulk organic carbon stable isotope ratios 

The δ13Corg values across the Zeketai loess section display a range 
between − 22.6 ‰ and − 20.3 ‰, averaging at − 21.6 ‰ (Fig. 3D). The 
more negative δ13Corg values are predominantly concentrated in the 
lower part of the record, dating back older than 35 ka. Around 35 ka, the 
δ13Corg shifts discernibly to more positive values. 

3.3. Plant leaf waxes in the Zeketai loess section 

Higher plant-derived n-alkanes are present in all samples and are 
characterized by an odd-over-even distribution, of which n-C29 and n- 
C31 generally have the highest fractional abundance. The odd-over-even 
distribution is reflected by CPI values between 1.8 and 6.9, with an 
average of 4.3. The CPI remains relatively low until ~35 ka, beyond 
which there is a gradual increase into the late MIS3. The CPI values >1 
indicate a higher plant source for n-alkanes and/or the relative imma
turity of the organic matter. 

The ratio of C27/C31 predominantly remains <1.0 except for one 
sample (1.76 at 32.3 ka). The ratio of (C27 + C29)/(C31 + C33) varies 
between 0.84 and 2.26 throughout the record, and undergoes a pro
nounced increase at the end of MIS3b around 37–32 ka when the ratio of 
C27/C31 shows a similarly sharp rise. The ratio values of C33/(C33 + C27) 
(Fig. 3E) consistently stand higher than 0.2, with a slight increase and 
then a decreasing trend overall, notably decreasing during 37–32 ka. 

Only nine samples have abundant nC29 and five samples have 
abundant nC31 for δ2H analysis. The δ2HnC29 ranges between − 158‰ 
and − 192‰ (Fig. 3E), indicating an overall deuterium-enriched trend 
during the late MIS3. Similarly, the δ2HnC31 values range between 
− 154‰ and − 169‰, exhibiting a parallel deuterium-enriched trend 
during the late MIS3. 

4. Discussion 

4.1. Millennial-scale changes in (hydro)climate in northern Central Asia 

Magnetic susceptibility can be influenced by the provenance of the 
loess, sedimentary processes, post-depositional weathering, and bio
logical activity, but it is generally interpreted as a measure for pedo
genesis, where magnetic susceptibility increases as a result of the 
development of fine-grained secondary magnetic minerals during soil 
formation (Zhou et al., 1990). Soil formation is thought to be enhanced 
during interstadials and interglacial periods due to the prevailing humid 
climate conditions at those times. On the CLP, magnetic susceptibility is 
used to trace glacial-interglacial variability in monsoon climate, where 
high magnetic susceptibility is linked to warm and wet climate condi
tions during times with a strong EASM (e.g., Ding et al., 2002; Van
denberghe et al., 2006). In the Ili basin, while the pedogenesis of loess 
deposits is generally moderate (Song et al., 2010), the weakly formed 
paleosol can be recognized in the χlf magnetic susceptibility record of the 
Zeketai section at 6–9 m (34. 8 ± 2.9 ka to interpolated ~47.8 ka) 
(Fig. 3C). This suggests a wetter climate condition occurred during this 
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time interval. Indeed, Wang et al. (2019) attributed the similar trends in 
clay content and χlf in a loess section of the Ili Basin to the formation of 
secondary ferrimagnetic minerals during pedogenesis, which can be in 
turn linked to precipitation. The loess of the Zeketai section during 
MIS3b was subjected to significant pedogenesis while χlf of the loess 
during MIS3a and MIS3c were probably affected dominantly by the 
provenance. 

An alternative hypothesis is that, beyond hydroclimate influences, 
variations in magnetic susceptibility within a section could reflect shifts 
in sediment provenance featuring a distinct content of primary magnetic 
minerals (Jia et al., 2013). Furthermore, in arid areas with weak pedo
genesis, such as CA, changes in magnetic susceptibility have been linked 
to wind velocity (Zeng et al., 2019). Following this scenario, higher 
magnetic susceptibility corresponds to the preferential mobilization of 
coarse magnetite during periods of strong winds, creating the opposite 
pattern to that commonly observed on the CLP (Beget and Hawkins, 
1989; Song et al., 2010), which can be proved by a concordance between 
the χlf magnetic susceptibility (Fig. 3C) and the grain size records 
(Fig. 3A). However, there is an exception during MIS3b at the Zeketai 
profile. Similarly, the temporal pattern of TOC content (Fig. 3B) aligns 
well with that of χlf magnetic susceptibility within the Zeketai profile, 
except for the anomalous low values observed during MIS3b. The 
explanation is that magnetic susceptibility may be to an extent affected 
by local winds, albeit that it is primarily dependent on the Westerly. 
During stadials (i.e. MIS3a, MIS3c), westerlies transported coarser dust 
particles from source areas. The interstadial (MIS3b) experienced 
intensified local winds, facilitating the transportation of local material 
with fewer detrital magnetic minerals, and consequently yielding 
reduced magnetic susceptibility values (Zeng et al., 2019). 

The Zeketai δ2Hn-alkane record (Fig. 3E) exhibits an enriched trend 
during the late MIS3. The influence of vegetation type changes on δ2Hn- 

alkane values will be addressed in 4.2. Regarding evapotranspiration, δ2H 
values of leaf water and plant waxes are less relevant in the Ili Basin 
since n-alkanes are synthesized during leaf flush in spring (Kahmen 
et al., 2013) when it is still cold. Plant wax δ2H values correlate well 
with the isotopic composition of precipitation (Sachse et al., 2012), 
suggesting that the Zeketai δ2Hn-alkane record primarily reflects fluctu
ations in precipitation isotopes. This enriched trend aligns with the 
aridification pattern implied by magnetic susceptibility during the late 
MIS3. 

High-latitude ice core records further substantiate that the climate 
shifted from interglacial D–O 7 to ice age level at 35 ka (Fig. 4A). Long- 
term transient simulations of mean annual precipitation in CA depict a 
decreasing trend until 35 ka (Fig. 4B, Li et al., 2013). The climatic os
cillations around 35 ka are manifested in various northern CA regions, 
evidenced by comparisons of grain size and other proxies in multiple 
loess profiles. These profiles encompass the Nilek loess profile at Kashi 
River terrace in Ili (Fig. 4C, Li et al., 2018), the Tacheng Loess profile in 
Tacheng Basin (Fig. 4D, Li et al., 2019), the Zeketai loess profile of 
Xinyuan County in eastern Ili Basin (ZKT; Fig. 4E&F, E et al., 2014 and 
this study), the Taled Loess profile (TLD; Fig. 4G, Zhang et al., 2015), 
and the Zhaosu Poma profile in the upper reaches of the Tex River (ZSP; 
Fig. 4H&I, Song et al., 2018). Changes in mineral content and particle 
size components reveal the occurrence of abrupt climatic events, while 
increased quartz content suggests the occurrence of cold events in these 
loess profiles (Fig. 4H, Song et al., 2018). Likewise, the ‘35 ka’ drought 
event in the ZKT loess profile could be identified by the decreased 
fraction of fine particles (Fig. 4E&G&I) or an increased fraction of coarse 
particles (Fig. 4C&D). 

4.2. Vegetation response to hydroclimatic changes in Central Asia 

A recent inventory on the impact of climate change on the vegetation 
cover and composition in C A showed that vegetation was most sensitive 
to precipitation, particularly in areas with shrubs or sparse vegetation 
(Jiang et al., 2017). In this context, we extrapolate the response of 

vegetation to hydroclimate fluctuations in the Ili basin during MIS3, 
based on changes in the stable carbon isotopic composition of the total 
organic carbon in the Zeketai loess section, as well as the distribution of 
plant leaf wax n-alkanes. Soil organic carbon, largely consisting of 
decomposed vegetation, offers a time-integrated representation of 
regional vegetation (Jobbagy and Jackson, 2000). Based on the photo
synthetic pathway that causes a distinct fractionation of atmospheric 
CO2, the relative contribution of C3 and C4 plants can be identified based 
on their δ13C value (Farquhar et al., 1989). In Asia, C3 plants are char
acterized by an average δ13C value of − 25.3 ± 0.3‰ and C4 plants 
exhibit a value of − 11.1 ± 1.5‰ (e. g., Passey et al., 2009). Following 
this principle, variations in δ13Corg in loess-paleosol sequences from e.g., 
the CLP (An et al., 2005; Yang et al., 2015), CA(Rao et al., 2013; Shen 
et al., 2018) and southeastern Europe (Hatté et al., 2013; Wang et al., 
2019), have been used to reconstruct past change in C3 vs C4 vegetation, 
where the contribution of C4 vegetation generally increases during the 
warm and wet interglacials. The δ13Corg values of the Zeketai loess 
section vary between − 22.6 ‰ and − 20.3 ‰ (Fig. 3D), indicating that C3 
plants were dominant. The shift in δ13Corg towards more positive values 
around 35 ka suggests an increased contribution of C4 plants (Fig. 3D). 
However, despite the tolerance of C4 plants to arid conditions, their 
growth necessitates high seasonal temperatures, as they are out
competed by C3 plants at temperatures <15 ◦C (Huang et al., 2001). 
Indeed, Rao et al. (2013b) suggested that the mean annual temperature 
(MAT) of the Ili basin would have been inadequate for C4 vegetation to 
thrive at this time (the MAT at Xinyuan city close to the ZKT profile is 
~8 ◦C). Hence, the loess δ13Corg signal mostly represents changes in 
vegetation composition in response to variations in precipitation, 
aligning with the findings of multiple investigations linking δ13Corg 
values of C3 plants and modern surface soils to the amount of precipi
tation (Diefendorf et al., 2010; Rao et al., 2017). In arid conditions, the 
diminished opening time of leaf stomata influences the CO2 concentra
tion ratio between the leaf and the atmosphere, consequently impacting 
the degree of fractionation (Diefendorf et al., 2010; Farquhar et al., 
1989). In addition, a negligible contribution of C4 vegetation in the Ili 
basin during MIS3 is also in agreement with the distribution of modern 
C4 plants in China (Yin, 1997). Thus, the abrupt change in δ13Corg of 
~2.3 ‰ at ~35 ka is likely caused by a change in C3 vegetation type 
resulting from the decrease in moisture availability at this time, as 
indicated by the magnetic susceptibility record (Fig. 3C). 

To further elucidate the source of changes in δ13Corg at Zeketai, we 
also analyzed n-alkanes, preserved in the same section. Leaf waxes, 
synthesized by higher plants as a protective mechanism against unde
sirable moisture loss, are generally well preserved in the geological re
cord (e.g., Eglinton and Hamilton, 1967; Haggi et al., 2019; Zhang et al., 
2006). Variations in n-alkane chain lengths are commonly utilized to 
deduce shifts in vegetation types on a local scale, assuming that plants 
synthesize longer-chain alkanes under warm and arid conditions, 
whereas n-alkanes with shorter chains are produced by more shrubs and 
fewer herbs (Bush and McInerney, 2013). Considering that both her
baceous and woody plants produce C29 and C31 n-alkanes (Bush and 
McInerney, 2013), a ratio including n-C27 and n-C33 alkanes would be a 
more accurate way to estimate the relative proportions of these two 
plant types. This approach is substantiated by Liu and Liu (2015), who 
combined >1200 observations of n-alkane data in grasses and woody- 
plants/shrubs from central China and found that herbaceous vegeta
tion is represented by C33/(C33 + C27) > 0.2. 

At Zeketai, n-alkane distributions vary in concert with δ13Corg, sug
gesting that the δ13Corg primarily reflects vegetation change (Fig. 3D). 
Specifically, the ratios of n-alkanes C27/C31 < 1 and C33/(C33 + C27) >
0.2 indicate the dominance of herbaceous plants, consistent with pre
vious studies indicating the prevalence of desert-steppe and/or desert 
taxa vegetation during this period in Northwest China (Wei et al., 2015; 
Zhao et al., 2017). The ratios of C33/(C33 + C27) (Fig. 3E) decrease at 
37–32 ka, suggesting a relative shift towards more shrubs. Notably, the 
modern δ2H values in leaf waxes of shrubs are enriched, while those of 
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Fig. 4. Comparison of grain size(GS), magnetic susceptibility(MS), and mineral records of northern Central Asian loess with Greenland ice core oxygen isotope and 
other records during MIS3. Arabic numbers: Interstadial warm events; H: Heinrich cold events. (A) Northern Hemisphere summer insolation (21 June) at 65◦ N 
(Laskar et al., 2004), NGRIP ice core δ18O (North Greenland Ice Core Project members, 2004); (B) modeled mean annual precipitation in CA (Li et al., 2013); (C) EM1 
grain size variability in NLK loess (Li et al., 2018); (D) median grain size of Tacheng loess (Li et al., 2019); (E) grain size (< 2 μm) content in the Zeketai loess (E et al., 
201414); (F) magnetic susceptibility in the Zeketai loess (this study); the precession (Laskar et al., 2004); (G) grain size (< 10 μm)content in TLD loess (Zhang et al., 
2015); (H) quartz and (I) grain size (< 10 μm) content in ZSP loess (Song et al., 2018). 
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grasses tend to be more depleted (Liu and Huang, 2005). The Zeketai 
δ2HnC29 and δ2HnC31 values (Fig. 3E) showed a deuterium-enriched 
trend, implying the transition to more shrubs. This trend is further 
corroborated by pollen records of a nearby sediment core from Lake 
Balikun, which showed an increase in pollen representing desert-type 
vegetation during the same time interval (Fig. 3F) (Zhao et al., 2017). 
Together, the simultaneous shifts in plant wax distributions, δ2Hn-alkane 
(Fig. 3E) and δ13Corg (Fig. 3D) recorded in the Zeketai loess imply a 
vegetation transition towards relatively more drought-resistant shrubs 
in response to reduced precipitation around ~35 ka. The trend from 
herbaceous vegetation during interglacials (warm/wet) to more shrubs 
during glacials (cold/dry) also occurs on the western/drier part of the 
CLP (Fuchs et al., 2022). This pattern is especially pronounced in regions 
where precipitation, rather than temperature, constitutes the principal 
driver of vegetation transformations. 

4.3. Possible mechanisms driving increased aridity in northern Central 
Asia during late MIS3 

The Ili Basin is surrounded by mountains on three sides and located 
in an area where the moisture source has been dominantly controlled by 
the Westerlies since the Eocene (Caves et al., 2015), and still is today 
(Aizen et al., 2001; Huang et al., 2013). The grain size of loess has been 
extensively employed as an indicator of historical wind speed and at
mospheric circulation dynamics (An et al., 1991; Sun et al., 2012). 
Particularly within the Ili basin, the finer component (< 2 μm) of loess is 
considered to be an indicator for the intensity of the Westerlies (Li et al., 
2022), resting on the premise that the cold and arid climate impedes soil 
development and thus the production of fine components. Hence, 
stronger Westerlies lead to an increased contribution of the fine loess 
component to the local, coarse(r) loess. In the Zeketai loess profile, the 
contribution of fine-grained loess (< 2 μm) was initially high but then 
decreased substantially from ~35 ka onwards (Fig. 3A), suggesting a 
weakening of the Westerlies. At ca. 35 ka, the decreasing summer 
insolation in the Northern Hemisphere (Fig. 3G) caused the low tem
perature in North Atlantic (Cacho et al., 1999). This cooling trend in the 
North Atlantic impeded evaporation from the Atlantic Ocean, a critical 
moisture source for northern CA. The reduced moisture influx, along 
with the diminishing Westerlies, led to decreased precipitation and 
concomitant weakening of pedogenesis, which is reflected by the con
current decline in magnetic susceptibility as observed in the Zeketai 
loess record (Fig. 3C). 

The Westerlies form a pivotal link connecting the North Atlantic and 
the hydroclimate in ACA (e.g., Herzschuh, 2006; Li et al., 2018). Modern 
meteorological investigations affirm that Xinjiang (the study area) and 
the adjacent arid zones receive substantial moisture contributions from 

the west (North Atlantic) (Yatagai, 2003; Huang et al., 2013). On longer 
timescales, the influence of the North Atlantic is illustrated by the good 
correspondence between trends in loess grain size content (< 2 μm, 
Fig. 3A) and the Greenland ice core δ18O record (Fig. 3G), where larger 
contributions of the fine loess component (< 2 μm) correspond to less 
negative δ18O values in the ice core record. Interestingly, the aridifica
tion in ACA at ~35 ka coincides with a shift towards more negative 
values in the Sofular/Soreq stalagmite δ13C record from northwestern 
Turkey (Fig. 3H, Fleitmann et al., 2009). More negative δ13C values 
reflect amplified contributions of C3 vegetation above the cave, an 
outcome promoted by a warmer and wetter climate. This implies that 
when ACA experienced aridification, the Black Sea region encountered 
wetter conditions, suggesting that the Westerlies shifted southward 
(Voskresenskaya and Maslova, 2011) halfway MIS3. 

The transition to arid conditions in ACA around 35 ka, attributed to 
shifts in the intensity of Westerlies, is intricately tied to the strength of 
AMOC (Fig. 5), as suggested by a loess sequence from the nearby 
Tacheng basin (Li et al., 2019). The median grain size in the Tacheng 
loess section (Fig. 3I) demonstrates a substantial correlation with the 
strength of the AMOC (Fig. 3J). Sedimentary Pa/Th records from the 
North Atlantic (Fig. 3J) show that the AMOC strengthened after 35 ka 
(Henry et al., 2016). Strong AMOC leads to a small meridional tem
perature difference between mid-and high latitudes, thereby inducing 
weaker westerly winds. This scenario, coupled with a diminished supply 
of water vapor sources, engenders less moisture transport to CA. 
Alongside the AMOC and the Westerlies, the Siberian High-pressure 
system (Fig. 3K) also influences wind dynamics and loess deposition in 
the eastern Ili Basin (Li et al., 2018). High-latitude cooling greatly en
hances the strength of the Siberian High (Gong et al., 2006), leading to a 
shorter intra-annual effective control time for the westerlies and 
increasing aridity. 

5. Conclusions 

Around 35 ka, discernible shifts towards drier climatic conditions are 
evident within northern CA. This alteration in hydroclimate dynamics 
correspondingly resulted in a shift in vegetation, favoring the prolifer
ation of C3 shrubs. The contribution of more drought-resistant C4 
vegetation is considered minor due to the likely suboptimal tempera
tures for C4 vegetation growth within the basin. On millennial time
scales, precipitation in the Ili Basin is influenced by insolation, Siberian 
High and North Atlantic climate dynamics, where an increased intensity 
of AMOC corresponds to weakened Westerlies, subsequently leading to 
reduced moisture transport to CA. The rapid response to hydrological 
changes in northern CA highlights the sensitivity of CA to (future) 
climate change. 

Fig. 5. Schematic diagram illustrating the physical mechanisms of moisture variations in northern Central Asia during late MIS3.  
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