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1. Introduction
Changes in Cenozoic dust flux have a critical impact on atmospheric CO2 content and deep-sea carbon cycling 
(Cao et al., 2021). Central Asia and the deserts of western China are an important source of dust, and the pace of 
their aridification has a strong role on variations of ocean productivity and on the global geochemical cycle (Fang 
et al., 2020). Therefore, identifying tectonic-and orbital-scale forcing mechanisms of moisture variability in these 
areas is critical for understanding dust fluxes and global climate (Fang et al., 2020).

During the Holocene, changes in precipitation in western China were not synchronous with those of monsoon 
humid areas of eastern China (Chen et al., 2016). Late Cenozoic desert expansion and aridification in western 
China are thus commonly linked to changes in moisture supply by the westerly winds or the Asian summer 
monsoon, caused by both regional uplift and global cooling (e.g., Fang et  al.,  2020; Nie et  al.,  2022; J. Sun 
et al., 2008). The aridification of wide areas of western China is often attributed to the uplift of the Tianshan 
Mountains and Pamir Plateau (e.g., Fang et al., 2020), which resulted in a decrease of moisture supply by the West-
erlies and regional aridification steps identified at ∼26.7–22.6 Ma (Zheng et al., 2015), ∼12.2 Ma (Heermance 
et al., 2018), and ∼5.3 Ma (J. Sun et al., 2008). Before the Pliocene, Nie et al. (2022) proposed that Taklimakan 
Desert greening occurred during Neogene times of Earth's low orbital eccentricity. Frisch et al. (2019) reported 
that middle Miocene lake level variations in the Ili Basin (southeast Kazakhstan) were significantly controlled by 
long 405-Kyr eccentricity and obliquity cycles. Late Neogene-Quaternary records show different results. Spectral 
analysis of grain size data from a loess record at the southern margin of the Taklimakan desert reveals prominent 
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41 Kyr cycles from 3.6 to 1.1 Ma, shifting to prominent 100-Kyr cycles after 0.5 Ma (Fang et al., 2020). Magnetic 
susceptibility for three loess records in the Tianshan Mountains over the past 250  ka also reveals the domi-
nant 100 Kyr cycles (G. Li et al., 2020). These results show that changes in global ice volume likely force the 
strength of the Westerlies; but the mechanisms driving these astronomical changes in moisture supply are poorly 
understood.

We recently conducted a drilling study (ZK01 core; 425  m thickness) in the Junggar Basin in the northern 
foothills of the Tianshan Mountains (Figure 1), downwind of the Gurbantunggut Desert. This paper provides 
sedimentological-, magneto- and cyclo-stratigraphic data from this core to investigate the orbital sensitivity of 
aridification in the Gurbantunggut Desert and the mechanisms controlling moisture supply to this part of western 
China.

2. Geological Context, Materials, and Methods
Today, most of the Junggar Basin area is covered by the Gurbantunggut Desert (48,000 km 2), which is the largest 
consolidated and semi-consolidated desert in China. The ZK01 core (88.48°E, 44.25°N) is located in the Junggar 
Basin along the northern foothills of the Tianshan Mountains in the Dishuiyan village, Fukang city in Xinjiang 
province (Figure 1). The core is 425 m long and is currently stored in the core library of the Dishuiyan village. 
At present, we know little about the Cenozoic stratigraphic division and its age in the southeastern margin of the 
Junggar Basin. Most of the research focuses on the Taxi He and Jingou He sections in the southwestern Junggar 
Basin, which may be due to the relatively complete stratigraphic outlying in these areas. The Cenozoic strata in 
the Taxi He Section has been divided into Eocene Ziniquanzi Formation, Oligocene Anjihai Formation, Miocene 
Shawan and Taxihe Formations, Pliocene Dushanzi Formation, and late Pliocene to Pleistocene Xiyu Forma-
tion, and its lithology changes from pebbly sandstone and medium-fine sandstones of Eocene to fine-grained 
lacustrine mudstone of Oligocene and Miocene, and coarse molasse deposits since the latest Miocene (e.g., C. Li 
et al., 2011). Loess deposits sometimes blanket the landscape at the margin of the desert, and the thickest loess 
section along the northern foothills of the Tianshan Mountains has been reported to be about 70 m with an age of 
∼0.8 Ma (Fang et al., 2002), providing a minimum age for the Gurbantunggut Desert. Our borehole is unique (up 
to 425 m thickness) as it provides a good opportunity to uncover the earliest loess in the Junggar Basin.

Lithologies of the 425-m long core were first described and logged following standard procedures in core logging 
(Wang et al., 2022). To complete the lithological description of the core, we selected 17 samples between levels 

Figure 1. (a) Map showing the location of the ZK01 borehole in the Junggar Basin. The white stars are the locations of sites 
mentioned in this study. Ls2-W. Liu et al. (2020), Drilling XK-Fang et al. (2020), and WEDP01-C. Liu et al. (2021). The base 
map was taken from https://www.ngdc.noaa.gov/mgg/global/. (b) Map showing the location of borehole ZK01 and the Taxi 
He region in the Junggar Basin. The base map was taken from http://www.gditu.net.
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100 and 425 m for grain size analysis (Figure 2). We selected 2 samples for scanning electron microscope (SEM) 
analysis of quartz particles at 317 and 415 m, in order to investigate potential marks for aeolian transport of the 
sediment. We took 300 oriented samples along the core (ca. 1 sample every 1.5 m) for magnetostratigraphic 
dating. Samples were first air dried and scraped off contaminated surfaces with a knife, and then ground and 
homogenized in an agate mortar. A total of 1,201 samples were ground into powder and passed through 200-mesh 
sieve, measured by a portable energy-dispersive Innov-X Systems X-ray fluorescence spectrometer in geochem-
istry mode using beam 1 (50 kv) and beam 2 (10 kv) to acquire the abundance of rubidium (Rb) and strontium 
(Sr) at the China University of Geosciences (Wuhan). The continuous GR data were measured using FD-3019 γ 
logging tool based on EJ/T 611–2005 gamma logging specification through pipes. Detailed preparation, meas-
urement and analysis processes of grain size, SEM, paleomagnetic dating and spectral analysis are provided in 
Supporting Information S1.

3. Results
3.1. Sedimentary Facies

From bottom to top, the core consists in (Figure 2):

1.  From 425 to 385 m: reddish-brown, massive mudstones with no obvious bedding and visible white micrite 
carbonate crystals and residual plant roots.

2.  From 385 to 360 m: argillaceous sandstones with occasional beds of fine gravels (diameter <1 cm).
3.  From 360 to 75 m: light-yellowish, loose sandy silt with massive structure, with pores and residual plant roots 

as well as small micrite carbonate nodules (Figure S1 in Supporting Information S1).
4.  From 75 to 0 m: in the upper is gray silty mudstone, massive structure. Fine gravels (diameter <1 cm) occur 

in some layers.

Figure 2. Correlation of the magnetostratigraphy of the ZK01 core (a) and (b) with the GTS2020 (c; Gradstein et al., 2020). (d) The accumulation rate of the ZK01 
core with time. (e) Astronomically tuned time series of the Rb/Sr ratio in the ZK01 core. (f) Evolutive Fast Fourier transform spectrum used 600-Kyr sliding window 
shows periodic variations of the Rb/Sr series with 2π MultiTaper Method power spectrum. (g) The astronomically tuned time series of the GR in the ZK01 core. (h) 
Evolutive Fast Fourier transform spectrum used 600-Kyr sliding window shows periodic variations of the GR series with 2π MultiTaper Method power spectrum. 
E-405 Kyr long eccentricity, e-100 Kyr short eccentricity, O-obliquity. The black dots are the sampling spots of grain size.
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Sediment from the first (425–385 m) and third (360–75 m) intervals recall aeolian deposits (red clays and loess) 
with their massive structure, high porosity, carbonate nodules and plant root residues.

The frequency distribution of grain size peaks is mainly concentrated at 30 and 50 μm, similar to the grain size 
distribution of the Luochuan loess from the Chinese Loess Plateau, modern dust in the Tarim Basin and loess 
deposits in the West Kunlun Mountains (Figures 3a and 3c). The end-member mode of the ZK01 grain size  distri-
bution presents three significant peaks-14.5 μm (EM1), 35.3 μm (EM2), and 66.9 μm (EM3) (Figure 3b). The 
EM1 and EM2 peaks are consistent with modern dust deposited in the lakes and Quaternary loess from the 
Tibetan Plateau. The EM3 peak is consistent with the peak of the loess grain size in the West Kunlun Mountains 
(Figure 3c), suggesting that the EM3 component is mainly derived from detrital material of the nearby deserts.

The scanning electron microscopy of quartz grains with the diameter of ∼25–100  μm from the two investi-
gate samples shows obvious dish-shaped and irregular depressions (Figure 3d), features commonly generated by 
aeolian transport (e.g., Meijer et al., 2020).

3.2. Magnetostratigraphy

Two hundred sixty-four paleomagnetic samples from the ZK01 core provided primary characteristic remanences 
(ChRM). All data are shown in Figure 2; we identified 9 normal and 8 reversed polarity zones, based on at least 
three sites per polarity zone. Our preferred correlation to our magnetostratigraphy with the GTS 2020 (Gradstein 

Figure 3. (a) Grain-size frequency distribution curves from the ZK01 core. (b) End members (EM1, EM2, and EM3) of the 
grain-size data from the ZK01 core (dotted lines) and comparison with grain-size frequency distribution from Quaternary 
loess in the Chinese Loess Plateau (Vandenberghe et al., 1997), modern dust of the Qinghai (An et al., 2012) and Kusai lakes 
in the NE Tibet (X. Liu et al., 2009). (c) Aeolian Grain size distribution of representative samples from the Kunlun Shan loess 
in the Southern Tarim Basin, Luochuan loess in the Chinese Loess Plateau, and modern dust from the Taklimakan Desert 
(Fang et al., 2020). (d) SEM images of quartz grains at 317 m from the ZK01 core showing morphological features including 
dish-shaped depressions (DSD).

 19448007, 2023, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

L
102584 by C

ochrane France, W
iley O

nline L
ibrary on [14/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

WANG ET AL.

10.1029/2022GL102584

5 of 9

et al., 2020) associates polarity zone N1 to chron C1n and polarity zone N8 to chron C2An.3n. This correlation 
yields accumulation rates of ∼12.78 cm/Kyr for N1-R4, ∼12.72 cm/Kyr for N5-R5, ∼10 cm/Kyr for N6, and 
∼13.3 cm/Kyr for R6-R7, respectively. This correlation provides steady accumulation rates, and covers most of 
the Quaternary (up to 3.5 Ma).

Although our borehole lacks radiogenic or biostratigraphic data, we believe that our acquired age is robust 
because its magnetostratigraphic correlation with the GTS2020 (Figure 2) yields steady accumulation rates. Sedi-
mentary records from the northwestern Junggar Basin and the Taxihe Section (southwestern Junggar Basin) show 
predominantly lacustrine deposits before ∼6 Ma, later evolving into alluvial fan sediments (Lu et al., 2013; Niu 
et al., 2021); this suggests that an age prior to the late Miocene for the ZK01 core is poorly likely, as late Miocene 
times were regionally more humid (Lu et al., 2013; Niu et al., 2021).

3.3. Spectral Results

The relative content of rubidium (Rb) through time remain relatively stable, with values ranging from 0.002% 
to 0.01% (Figure S3 in Supporting Information S1). Strontium (Sr) content remains relatively stable in the lower 
part of the core with values ranging from 0.015% to 0.025%, and then slightly increases in the middle-upper parts, 
with values reaching 0.03% (Figure S3 in Supporting Information S1). The GR values range from 30 to 70 API, 
with low values from 360 to 385 m (Figure 2g).

The power spectrum of the GR log series shows significant peaks at ∼45-, 15.8-, 10-, 8.3-, and 4.4-m wavelengths 
(Figure S4 in Supporting Information S1). Based on the paleomagnetic age constraints and estimated accumu-
lation rates, the 45, 12.5–8.3, and 4.4 m can be assigned to long eccentricity, short eccentricity and obliquity, 
respectively (Figure 2h). The Rb/Sr series show dominant ∼160 m and 50–45 m wavelengths without significant 
16–8 and 4.4 m peaks (Figure S4 in Supporting Information S1). The 50–45 m cycles can be assigned to 405 Kyr 
cycles (Figure 2f).

Then, we tuned the ∼4.4 m and ∼8.3–12.5 m filter out of the GR series to orbital eccentricity-obliquity of the 
La2004 (Laskar et  al.,  2004) based on the paleomagnetic age constraints (Figure S5 in Supporting Informa-
tion S1), and obtain a duration of 232–3,513 ka astronomical time scale. We use eccentricity-obliquity rather than 
eccentricity-obliquity-precession composite because precession signal in our records is weak (Figures S4 and S5 
in Supporting Information S1). Our age model shows a gap of 0–232 ka (with a thickness of ∼27 m) at the top 
of the ZK01, that we attribute to (a) partial sampling (0–5 m depth of GR in the upper part were not collected); 
(b) a large number of soil extraction operations in the 1970s due to building of the local reservoir in the drilling 
area (Kong & Li, 2012); and (c) glacial water erosion as a result of the disappearance of glaciers in the Tianshan 
Mountains at the end of Pleistocene (e.g., Takeuchi et al., 2014).

Our results show that GR data are dominated by 405 Kyr cycles before ∼2.8 Ma (Figure 2h and Figure S6 in 
Supporting Information S1); ∼100 Kyr short eccentricity and obliquity cycles are significantly enhanced between 
2.8 and 1.4 Ma (Figure 2h and Figure S6 in Supporting Information S1); the obliquity signal finally strengthens 
between 1.4 and ∼0.55 Ma (Figure 2h). After ∼0.55 Ma, the 100-Kyr short eccentricity becomes the dominant 
cyclicity (Figure 2h). The spectral analysis of GR data between 1,100 and 1,300 ka highlights significant 23 Kyr 
cycles are presented (Figure S8 in Supporting Information S1). By contrast, our Rb/Sr data show monotonic, 
dominant 405-Kyr cycles with weak 100-Kyr eccentricity, obliquity (41 Kyr) and precession (20 Kyr) cycles 
in the past 3.5 Ma (Figure 2f). Rb/Sr data tuned to the 400-Kyr eccentricity band show spectral results that are 
consistent with those from tuned GR data (Figure S9 in Supporting Information S1); these results support our age 
model for the core. The sampling resolution of our Rb/Sr ratio is ∼2.5 Kyr on average, which is short enough to 
capture precession signals; the absence of precession, obliquity and short eccentricity in our Rb/Sr ratio is thus 
not attributed to inadequate sampling resolution.

4. Discussion
4.1. Onset of the Paleo-Gurbantunggut Desert Before 3.5 Ma

Sediment lithology, grain-size, and SEM pictures indicate a prominent aeolian nature for the sediment of inter-
vals 425–385 m and 360–75 m and recall modern loess deposits. These intervals alternate with coarser material, 
suggesting an environment where aeolian deposition alternate with alluvial fan deposits.
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The age of the Gurbantunggut Desert is considered to be at least 0.8 Ma (Fang et al., 2002), whereas the earliest 
aridification in the Junggar Basin dates back to 24 Ma (J. Sun et al., 2010). Our lithological records show that 
eolian sediments in the Junggar Basin have been present since at least 3.5 Ma and indicate a paleo-Gurbantunggut 
Desert since at least this time. This onset of the desert is likely much older, considering the age of the first pieces 
of evidence for eolian deposition in the Taklimakan desert further south (early to middle Miocene; Heermance 
et al., 2018; Zheng et al., 2015) or along the Westerly wind pathway further east (middle to upper Eocene; e.g., 
Licht et al., 2016; Meijer et al., 2021).

4.2. Long Eccentricity Forcing on the Junggar Hydroclimate

Strontium (Sr) is a trace element that substitutes for Ca in the lattices of carbonate minerals and behaves simi-
larly to Ca in many geological processes (Jin et al., 2006). Rubidium (Rb) tends to follow K in silicate minerals 
because their ionic radius is similar (Chang et al., 2013; Jin et al., 2006). During weathering processes, a relative 
enrichment of Rb over Sr in parent rocks is expected to occur because Sr has a much higher mobility than the 
relatively more inert Rb (e.g., Chang et al., 2013; Jin et al., 2006). The behavior of Rb/Sr data has been previ-
ously documented in Chinese loess and are associated to the weathering of the aeolian parent material (e.g., An 
et al., 2001). High Rb/Sr ratios commonly indicate high chemical weathering in response to a relatively warm and 
humid climate stage, while low Rb/Sr values are associated with colder and drier periods (An et al., 2001). The 
Rb/Sr ratio can thus be interpreted as a first order proxy for the local hydroclimate.

Rb/Sr data of the ZK01 core show dominant 405  Kyr cycles across the past 3.5  Ma (Figure  2f). This 
long-eccentricity forcing is similar to what is found in other loess deposits of eastern China covering the same 
period. Magnetic parameters (χARM/SIRM) of the borehole WEDP01 in the Tengger Desert over the past 3 Ma, 
which have been interpreted as a proxy of wet-dry variability, also display a dominant 405-Kyr eccentricity 
signal (C. Liu et al., 2021) as well as δ 13Ccarb data from the Ls2 borehole in the eastern Tarim Basin, interpreted 
as reflecting regional vegetation cover and biological productivity (W. Liu et al., 2020; location of both cores on 
Figure 1). Prominent eccentricity cycles are also recognized in hydrological records from the late Oligocene to 
early Miocene fluviolacustrine sediments in the Lanzhou Basin, NE Tibet (Ao et al., 2021; Wang et al., 2020), 
late Miocene fluviolacustrine sequence in the Qaidam Basin, NE Tibet (Nie et al., 2017), and Pliocene lacus-
trine records in the Weihe Basin, North China (Zhang et  al.,  2022). Thus, eccentricity forcing hydrological 
variability was a widespread phenomenon of Asian monsoon regions during unipolar icehouse periods (Ao 
et al., 2021; Zhang et al., 2022). In non-monsoonal Central Asia, sedimentary records during late Miocene to 
Quaternary period also show that hydrological cycles are significantly controlled by eccentricity cycles (e.g., 
Fang et al., 2020; Frisch et al., 2019; W. Liu et al., 2014; Nie et al., 2022).

Explaining the dominance of 405 Kyr cycles in our hydroclimate record is not straightforward, as summer inso-
lation at this latitude should be dominated by precession forcing (e.g., Laskar et al., 2004). Paleoclimatic records 
from the late Miocene strata of the northwestern Tarim Basin, Western China, show wetter conditions during 
times of eccentricity minima (Nie et al., 2022). Nie et al. (2022) proposed that decreased penetration of monsoonal 
moisture into East Asia during eccentricity minima allowed an increased supply of monsoonal-derived moisture 
to western China. In this sense, the dominance of 405 Kyr cycles might anti-correlate with the 405 Kyr cycles 
seen in some monsoonal records in eastern China.

Climatic simulations have suggested that 405-Kyr eccentricity cycles have a strong influence on the long-term 
carbon cycle over the past 35 Ma (de Boer et al., 2014). In the meantime, a modulation of precession-dominated 
65°N summer insolation by the eccentricity may impact chemical weathering in the Asian mainland (e.g., Ao 
et al., 2021; C. Liu et al., 2021). The strong 405-Kyr signal in our Rb/Sr ratios, as well as in other regional records, 
may also result from both influences, with eccentricity modulation of the summer insolation being amplified 
through nonlinear interactions with the long-term global carbon cycle (e.g., Ao et al., 2021; de Boer et al., 2014; 
Guo et al., 2022).

4.3. Astronomical Forcing of Westerly Winds Dynamics

The gamma-ray intensity (GR) in sediments reflects potassium (K), uranium (U), and thorium (Th) content 
(e.g., Schnyder et al., 2006). K is common in many minerals such as clays, feldspar, and mica. U and Th are 
concentrated in a number of sedimentary host minerals including clays, feldspar, heavy minerals, and phosphate, 
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and U is often concentrated in organic matter (Schnyder et al., 2006). High GR values are generally attributed 
to clay-rich sediments, whereas lower GR values are associated with coarser-grained sediments (e.g., Vaucher 
et al., 2023; Wang et al., 2022). Provenance changes, sediment supply, chemical weathering and wind strength 
have significant effects on GR data (e.g., Schnyder et  al.,  2006; Vaucher et  al., 2023; Wang et  al., 2022). In 
general, eolian deposits in the ZK01 core are associated with higher GR values, and sandstone with lower values 
(<40 API within the 360–385 m; Figure 2g). Interestingly, we only found a poor correlation between grain size 
and GR data for the 17 samples for which we acquired grain-size data (correlation coefficient = 0.47; Table S1 in 
Supporting Information S1); most of these samples come from the 3.5–2.8 Ma interval (10 out of 17).

Our GR spectral record displays four main stages: (a) 3.5–2.8 Ma, where GR cyclicity is dominated by 405-Kyr 
long-eccentricity cycles; (b) 2.8–1.4  Ma, with appearance of short-eccentricity and obliquity cycles; and (c) 
1.4–0.55 Ma, with a significant increase in obliquity signal; (d) 0.55–0.3 Ma, when the obliquity signal signifi-
cantly decreases (Figure 2h).

The prominence of 405-Kyr long-eccentricity cycles during the 3.5–2.8 Ma time window is similar to what is seen 
in our Rb/Sr record. This time-window precedes the early Quaternary boost in loess accumulation in eastern China 
(e.g., Y. Sun et al., 2010). Sediment of this time window includes a significant part of coarser material attributed 
to alluvial fan material (levels 385–360 m), and includes the lowest accumulation rates of our record (Figure 2d). 
These observations suggest lower aeolian input during 3.3–2.8 Ma interval window, combined with an increase of 
alluvial fan activity. We postulate that our GR data are likely more impacted by variations of pedogenic intensity 
and facies changes rather than variations of dust input by the Westerlies during this time window; this explanation 
is supported by the lack of correlation between grain size and GR data. The coarser interval 385-360 m corre-
sponds to the mid Pliocene Warm Period, characterized by sub-modern pCO2 (∼400 ppm), with average global 
warming of 2–3°C (Burke et al., 2018; Pagani et al., 2010). We suggest that higher global CO2 concentrations of 
the mid Pliocene Warm Period might have led to an intensification of the regional hydrological cycle, with heavier 
rainfall resulting in a decrease in dust generation and a reactivation of Miocene alluvial fan systems.

After ∼2.8 Ma, the GR data changed from the dominant 405 Kyr eccentricity cycles into combined 100 Kyr eccen-
tricity and 41 Kyr obliquity control (Figure 2h). This forcing is similar to what is seen in the hematite/goethite record 
from ODP 1143 in the South China Sea (Ao et al., 2011), K (wt.%) record from the IODP U1422 in the Japan Sea 
(Cao et al., 2021), and quartz grain size from the Lingtai Section in the Chinese Loess Plateau (Y. Sun et al., 2010). 
We suggest that this turn-over period is a consequence of the influence of Northern Hemisphere ice sheet expansion 
on the regional water cycle (e.g., Cao et al., 2021; Y. Sun et al., 2010) and the onset of a strong imprint of Westerlies 
strength variation on our record. Westerlies strength has been proposed to be mainly influenced by expansion of 
Northern Hemisphere ice sheets (e.g., Fang et al., 2020). Therefore, occurrence of 41 Kyr cyclicity in our GR record 
indicates the onset of a significant influence of the Northern Hemispheric ice sheets on arid Central Asia.

The increase of obliquity signal starting at 1.4 Ma is also found in Pacific dust flux, δ 13Cbenthic and δ 18Obenthic data 
(Cao et al., 2021), suggesting that this change of orbital sensitivity is regional. Following Cao et al. (2021), we 
postulate that this increase of obliquity signal could be attributed to a threshold in Arctic ice-sheet expansion 
(e.g., Cao et al., 2021; Reinardy et al., 2018), leading to increased sensitivity of the Earth's oceanic-atmospheric 
systems to high-latitude 41 Kyr obliquity variability (e.g., Cao et al., 2021; Reinardy et al., 2018). Well-marked 
23 Kyr cycles are also ephemerally present in GR data between 1,100 and 1,300 ka (Figure S8 in Supporting 
Information S1), which suggests that precession altered our GR values via the modulation of middle-latitude 
insolation. After ∼0.55 Ma, obliquity signal weakened and turned into the 100-Kyr cycle control, in line with the 
loess record from the Tarim Basin (Figure 2h; Fang et al., 2020).

Taken together, our results thus demonstrate that GR data at orbital time scale are strongly affected by high-latitude 
ice volume after 2.8 Ma. The driver of GR variation in our record remains yet to be clearly identified, as the corre-
lation between grain-size and GR data is not particularly well-marked. Cyclic changes of dust provenance (and 
dust mineralogy) could additionally explain some of the observed variations. This potential forcing is yet difficult 
to identify based solely on GR and elemental data, and calls for a more detailed study of dust mineralogy and 
provenance in the Gurbantunggut Desert.

5. Conclusion
In this study, we provide a ∼3.3-Myr-long high-resolution GR and Rb/Sr records to decipher orbital-scale wet-dry 
variability in the Central arid region during the late Pliocene to Pleistocene period. Our Rb/Sr ratios display 
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dominant 405 Kyr cycles throughout the past 3.5 Ma, suggesting that westerly derived moisture is strongly impact 
by the global carbon cycle at the orbital scale. Our GR data display a similar signal before a turnover event at 
2.8 Ma when 405-, 100-, and 41-Kyr cycles become more important. We postulate that this event reflects a 
significant increase of high-latitude ice volume. Our results demonstrate that dry-wet changes and Westerlies 
dynamics in inland Asia follow different cyclicity during the Quaternary, indicating that moisture supply by the 
Westerlies  is not directly impacted by wind strength. Our data also provide a minimum age of 3.5 Ma for the 
Gurbantunggut Desert of the Junggar Basin.

Data Availability Statement
All of our measured proxy data (including GR, Rb/Sr ratios and Paleomagnetic data) presented here available in 
the figshare website (available from https://figshare.com/s/d81f4b43ee3b46d9bdb1).
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