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A B S T R A C T

The loess-paleosol sequences on the Chinese Loess Plateau (CLP) are among the best terrestrial archives for
recording orbital-scale global paleoenvironmental and East Asian monsoon changes during the Quaternary
Period. Dust provenance and climate patterns vary across the CLP due to its vast size. However, whether
available climate proxies were influenced by varying signals from the different dust source areas remains un-
known. Here we present time series analysis results of high-resolution grain-size records from four loess sections
(Jingbian, Xifeng, Baoji, and Weinan sections) spanning a north to south transect in the eastern CLP across the
past 0.7 Ma. By comparison with data from the previously reported Luochuan section in the eastern CLP, and the
Gulang, Menyuan, Jingyuan, Lanzhou, and Linxia sections in the western CLP, it is revealed that the dominant
orbital signal in grain size variations in the eastern CLP is the ~100-kyr ice-age cycle, with precession only very
weakly expressed. By contrast, western CLP records exhibit both ~100-kyr and ~ 20-kyr precession cycles. We
show that this contrasting orbital patterns between the eastern and western CLP are likely to be influenced by the
climate signals from the respective source regions. We 2propose that the grain size variations in the western CLP
not only contain the ~100-kyr ice-age related winter monsoon cycles but also precession cycles related to the
mid-latitude Westerlies and the Tibetan Plateau. The grain size variations in the eastern CLP are, by contrast,
mainly influenced by ~100-kyr ice-age cycle-regulated winter monsoon changes. The spatial diversity of peri-
odicity in loess grain-size records from the CLP suggests that caution should be taken when discussing the pe-
riodicities of loess records based on any single site.

1. Introduction

The thick loess-paleosol deposits of the CLP preserve some of the best
archives of Quaternary climate change, comparable in both fidelity and
utility to those obtainable from deep-sea sediments and polar ice cores
(Liu, 1985; Liu and Ding, 1998). The accumulation processes of loess are
influenced by glacial and interglacial climate fluctuations (An et al.,
1990; Liu and Ding, 1998). During glacial intervals, the climate over the

CLP was cold and dry, leading to the formation of loess units, whereas
during interglacial intervals the climate was warm and moist, resulting
in the formation of paleosol units. In addition, because the CLP is situ-
ated within the East Asian monsoon region, the formation of loess is
significantly affected by the winter and summer monsoons (An et al.,
1990; Guo et al., 2002). Specifically, the delivery of dust from the arid
regions of the Asian interior occurs via the East Asian winter monsoon
and Westerlies, and the development of paleosols is facilitated by
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moisture delivered via the East Asian summer monsoon (Lu et al., 2022).
Detailed stratigraphic correlation across the CLP has shown that the
loess and paleosol units of Chinese loess contain comparable spatial
features (Ding et al., 2002; Sun et al., 2021). Spectral analysis indicates
that ~100 ka, ~40 ka, and ~ 20 ka orbital periodicities can be well-
preserved in loess-paleosol sequences of the CLP, as well as the well-
known and significant mid-Pleistocene transition at ~0.85 Ma, when
the dominant forcing switched from 41-kyr to ~100-kyr period cycles
(Ding et al., 1994; Guo et al., 2000, 2005; Lu et al., 2004b; Sun et al.,
2006, 2019). Thus, some classical loess-paleosol sections on the CLP,
such as Luochuan, Xifeng, Baoji, Weinan, and Jingbian (Fig. 1b), are
well-known as representative sections for recording the evolution of the
mid-latitudinal East Asian monsoon during the Quaternary (Beck et al.,
2018; Ding et al., 2002, 2005; Liu, 1985; Zhou et al., 2023).

Despite these advances, recent studies have revealed that the cyclic
variations recorded at different loess sections are not identical. For
example, for the last interglacial paleosol unit S1 across the CLP, the
magnetic susceptibility record — a summer monsoon proxy — shows
three distinct precession cycles in some sections, but merely a single
peak in the rest (Ma et al., 2017). Some researchers attributed this
phenomenon to differences in sedimentation rate and pedogenesis (Guo
et al., 2022; Ma et al., 2017). Indeed, it is correct that sedimentation
rates across the CLP varied significantly, with rates in the northwest CLP
2 to 3 times higher than those in the southeast CLP due to its proximity
to source areas. This may mean that some sections with low sedimen-
tation rates cannot record precession cycles (Ma et al., 2017). At the
same time, there are significant differences in precipitation across the
CLP (Fig. 1), with the rainfall in the northwest CLP being less than 200
mm, and up to 650 mm in the southeast CLP. Low precipitation may
make summer monsoon proxies in loess (such as magnetic susceptibil-
ity) less sensitive to changes in rainfall due to the weaker pedogenesis it
causes (Guo et al., 2022). In the southeast CLP, high precipitation and
low sedimentation rates could lead to the merging of multiple sub-
paleosol layers and thus an eventual absence of precession-scale vari-
ability (Ma et al., 2017). However, recently reported free iron/total iron
ratio data (a summer monsoon proxy) in the Madang loess section in the
lower latitude (~30◦N) monsoon region exhibits clear ~20-kyr preces-
sion cycles (Li et al., 2024), whereas this proxy obtained from the CLP

(34–37◦N) shows dominant ~100-kyr cycles (Guo et al., 2000, 2005),
suggesting that geographic differences in climate played an important
role in controlling the diversity of orbital responses to the same summer
monsoon proxy.

Geographic differences in climate and sedimentation rates across the
CLP can not only lead to the differences in recorded orbital responses in
summer monsoon proxies, but also in winter monsoon proxies. Previous
studies for sections in the western CLP (west of the Liupan Mountains),
such as the Gulang, Jingyuan, Linxia, Xining, Menyuan and Xinzhuan-
gyuan sections, revealed that grain size — a winter monsoon proxy — in
the last interglacial paleosol unit S1 exhibits more distinct precession
cycles than in sections from the eastern CLP (Lu et al., 2004a; Ma et al.,
2017; Xiao et al., 2023; Yang and Ding, 2014). The absence of precession
cycles in the grain-size record of the S1 unit from the eastern CLP was
attributed to reduced sedimentation rate and a merging of sub-paleosol
layers due to strong chemical weathering (Ma et al., 2017). However,
the S1 unit in sections with high sedimentation rates and weak weath-
ering from the north part of the eastern CLP, such as at the Jingbian,
Yulin, Jiyuan and Hongde sections, also lacks precession in the grain-
size records (Ding et al., 2005; Yang and Ding, 2014). This suggests
that other factors may be responsible for the inconsistency in the orbital
character of loess grain-size records. Dust supply varies across the CLP
(Xiao et al., 2012; Zhang et al., 2021; Zhou et al., 2022), and thus one
possibility is that the periodicity recorded in loess grain-size data may be
influenced by the climate signals of source areas (Xiao et al., 2023).

To test whether differences in dust supply influence the periodicity
encoded in grain-size records across the CLP, we obtained high-
resolution grain-size data spanning the past 0.7 Ma from the Jingbian
section in the northern part of the CLP, the Xifeng section in the central
part of the CLP, and the Baoji and Weinan sections in the southern part
of the eastern CLP. By comparing our data with those from the previ-
ously reported Luochuan and Dingbian sections in the eastern CLP, as
well as the Gulang, Menyuan, Jingyuan, Lanzhou, and Linxia sections in
the western CLP, we provide a comprehensive assessment of the possible
factors that influenced the recoding of orbital-scale variations in loess
grain size across the CLP.

Fig. 1. Landforms of East Asia (a) and location of the Chinese Loess Plateau (b) and its potential desert source areas (modified after Xiao et al., 2012). The red and
black dots show the studied loess sections and published sections mentioned in the text, respectively. MY, Menyuan; GL, Gulang; LZ, Lanzhou; LX, Linxia; JY,
Jingyuan; DB, Dingbian; JB, Jingbian; XF, Xifeng; LC, Luochuan; BJ, Baoji; WN, Weinan; MS, Mangshan. Black dashed lines represent modern mean annual pre-
cipitation isopleth. Black Roman numerals denote the three major terraces of China. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

D. Zhao et al. Global and Planetary Change 243 (2024) 104613 

2 



2. Materials and methods

2.1. Geological setting and studied sections

The landform of China can be broadly divided into three major ter-
races (Fig. 1a), and the CLP is located on the second terrace. The CLP is
bounded by the Riyueshan Mountains to the west, the Taihang Moun-
tains to the east, the Qinling Mountains to the south, and the Great Wall
to the north. The CLP is over 1000 km in length from east to west, and
over 500 km in width from north to south, with an area of approximately
440,000 km2 (Liu, 1985). Traditionally, the CLP is divided into the
eastern and western parts by the Liupan Mountains. The sections
investigated here including the Jingbian, Xifeng, Baoji and Weinan
sections, which are in the northern, central, and southern parts of the
eastern CLP, respectively (Fig. 1b). For a spatial comparison, we also
collated previously reported data from the Dingbian and Luochuan
sections in the eastern CLP, and from other five sections in the western
CLP: the Gulang, Menyuan, Jingyuan, Lanzhou and Linxia sections
(Fig. 1b). Information on all 11 studied sections is shown in Table 1. As
suggested by previous studies (e.g., Xiao et al., 2012; Zhang et al., 2021;
Zhou et al., 2022), these sections from the CLP are mostly supplied by
dust materials from distant (>100 km) source areas, thus reflecting
regional atmospheric circulations and climate changes. We did not select
the high-sedimentation-rate Mangshan loess section on the North China
Plain (Sun et al., 2021) because it is primarily fed by the proximal ma-
terials from the lower Yellow River floodplain (Marković et al., 2018;
Shang et al., 2018). Considering the significant differences in climate
and sedimentation rates, as well as dust provenance, among these 11
sections, these locations are ideal for exploring the impact of provenance
differences on recorded climate cycles.

The Jingbian section is located at Guojialiang Village, Jingbian
County, Yulin City, Shaanxi Province, in the transition zone between the
Mu Us Desert and the northern part of the CLP (Fig. 1). Ding et al. (2005)
reported grain size and magnetic susceptibility data from the Jingbian
section spanning the past 3.5 Ma. Our section is ~26 km to the south of
the section reported by Ding et al. (2005). In this study, we collected
samples from the top 88 m (S0–L7 layers) of this section with a sampling
interval of 5 cm. During our field investigation, two sedimentary hia-
tuses were observed in the upper part of L1 (last glacial loess) and the
lower part of L2 (penultimate glacial loess), which are likely consistent
with the timing of two wind erosion hiatuses determined from high-
resolution optically stimulated luminescence dating (Stevens et al.,
2018).

The Xifeng section is located in Xifeng District, Qingyang City, Gansu
Province, in the central part of the CLP (Fig. 1). The Quaternary loess in

this section is about 170 m in thickness. Previous work on this section
has investigated magnetostratigraphy, grain size, magnetic susceptibil-
ity, free iron/total iron ratio, and 10Be based precipitation estimates
(Guo et al., 2000, 2005; Zhou et al., 2023). Here, we collected samples
from the top 65.5 m (S0–L7) of the section using a 2–5 cm sampling
interval for grain size and magnetic susceptibility analysis.

The Baoji section is located at Linghui Village, Jintai District, Baoji
City, Shaanxi Province, in the southern part of the CLP (Fig. 1). The
thickness of Quaternary loess in this section is ~160 m. Grain size and
magnetic susceptibility data (with 10 cm sampling resolution) from this
section have been reported in previous studies (Ding et al., 1994; Meng
et al., 2018). Here, we sampled the upper 54 m (S0–L7) of this section
with a resolution of 5 cm.

The Weinan section is located at Yanyu Village, Weinan City,
Shaanxi Province, in the southern part of the CLP (Fig. 1). The thickness
of Quaternary loess in this section is about 170 m, with no sedimentary
hiatuses observed (Zhu et al., 2000). Previous studies have reported the
results of magnetic susceptibility, magnetostratigraphy, and grain size in
this section (Pan et al., 2002; Zhu et al., 2000), as well as biomarker
results from the S0-L3 units (Tang et al., 2017). In this study, we
measured grain size and magnetic susceptibility on samples from the
S0–L7 layers in this section, with a sampling interval of 5 cm.

2.2. Methods

Magnetic susceptibility and grain size are widely used as climate
indicators for the summer and winter monsoon, respectively, as well as
stratigraphic correlation tools for Chinese loess investigations (An et al.,
1990; Ding et al., 1994; Hao et al., 2012; Liu and Ding, 1998; Xiao et al.,
1995). In this study, we conducted magnetic susceptibility and grain size
analysis on 4742 and 5291 samples, respectively. Low-frequency mag-
netic susceptibility was measured using a Bartington MS2 magnetom-
eter. The grain size was measured using a Beckman Coulter LS13320
particle size analyzer, which has a measurement range of 0.02–2000 μm
with a relative error of <1 % based on repeated measurements. The pre-
treatment procedure for grain size analysis followed Lu et al. (2002).
The magnetic susceptibility and grain size experiments were both car-
ried out in the Soil Geology and Environmental Laboratory of the
Institute of Geology and Geophysics, Chinese Academy of Sciences.
Spectral analysis of the resultant data was conducted using Acycle
software (Li et al., 2019).

Table 1
Details of the loess sections referred in this study.

Loess
section

Latitude Longitude Stratigraphy and thickness
(m)

Accumulation rates (cm/
ka)

Mean annual temperature
(◦C)

Mean annual precipitation
(mm)

References

Eastern Chinese Loess Plateau
Jingbian 37.68◦N 108.52◦E S0–L7, 87.3 m 11.80 9.9 450 This study
Dingbian 37.14◦N 107.39◦E S0–L5, 117.2 m 26.28 9.3 346 Sun et al., 2021
Xifeng 35.75◦N 107.82◦E S0–L7, 65.55 m 8.79 9.9 550 This study
Luochuan 35.75◦N 109.42◦E S0–L7, 49 m 6.53 10.3 596 Hao et al.,

2012
Baoji 34.25◦N 107.07◦E S0–L7, 55.6 m 7.41 12.9 650 This study
Weinan 34.35◦N 109.52◦E S0–L7, 50.8 m 6.77 14.0 650 This study

Western Chinese Loess Plateau
Menyuan 37.33◦N 101.82◦E S0–S4, 80.9 m 18.83 0.8 520 Tian et al.,

2022
Gulang 37.49◦N 102.88◦E S0–S6, 180 m 25.56 5.9 360 Sun et al., 2021
Jingyuan 36.35◦N 104.60◦E S0–S6, 180 m 25.78 8.9 240 Sun et al., 2019
Lanzhou 36.10◦N 103.44◦E S0–L3, 79.95 m 30.75 10.9 300 Guo et al.,

2022
Linxia 35.15◦N 103.63◦E S0–L6, 180 m 27.11 9.9 280 Sun et al., 2021
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Fig. 2. Comparison of grain size and magnetic susceptibility in the studied sections with the composite marine oxygen isotope curve of Lisiecki and Raymo (2005).
The red dots show the age tie points used for correlation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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3. Results and discussion

3.1. Grain size, magnetic susceptibility, and chronologies of the study
sections

Grain size and magnetic susceptibility results for the four sections
investigated in this study are shown in Figs. 2a–d. Grain size and

magnetic susceptibility of these sections reflect the paleosol and loess
units identified in the field, with higher values of magnetic susceptibility
and the lower values of grain size in the S0–S6 paleosol units. In general,
the magnetic susceptibility and grain size curves of the sections can be
readily correlated (Fig. 2). Moreover, magnetic susceptibility is lower
overall in sections to the north of the CLP relative to sections in the
south, and grain size is higher overall in the north relative to the south,

(a) Jingbian

(b) Dingbian

(c) Luochuan

(d) Xifeng

(e) Baoji

(f) Weinan

Fig. 3. Comparison of grain size and magnetic susceptibility of different loess sections on the eastern CLP. (a) Jingbian; (b) Dingbian (Sun et al., 2021); (c) Luochuan
(Hao et al., 2012); (d) Xifeng; (e) Baoji; and (f) Weinan.
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aligning with previous studies (Ding et al., 1995, 2005; Guo et al., 2000;
Hao et al., 2012; Meng et al., 2018).

In their pioneering work, Heller and Liu (1984) established a loess
chronology spanning the last 0.8 Ma by correlating magnetic suscepti-
bility data with the marine oxygen isotopic record, anchored magneto-
stratigraphically using the Brunhes-Matuyama boundary. Subsequently,
Kukla et al. (1988) correlated the transition boundaries of loess and

paleosols with those of marine oxygen isotope stages and established a
more accurate chronological framework for the Chinese loess by
matching units S0, S1, S2, S3, S4, S5, S6, S7, and S8 to marine oxygen
isotope stages MIS1, MIS5, MIS7, MIS9, MIS11, MIS13–15, MIS17,
MIS19, and MIS21, respectively. This chronological framework has been
consistently confirmed by subsequent studies (Ding et al., 1995, 2002;
Hao et al., 2012; Heslop et al., 2000; Pan et al., 2021; Zhang et al.,

(a) Gulang

(b) Menyuan

(c) Jingyuan

(d) Lanzhou

(e) Linxia

(f) Summer solstice insolation at 40°N

Fig. 4. Grain size and magnetic susceptibility records of different loess sections on the western CLP and comparison with summer solstice insolation at 40◦N. (a)
Gulang (Sun et al., 2021); (b) Menyuan (Tian et al., 2022; Xiao et al., 2023); (c) Jingyuan (Sun et al., 2021); (d) Lanzhou (Guo et al., 2022); (e) Linxia (Sun et al.,
2021); and (f) Summer solstice insolation at 40◦N (Berger and Loutre, 1991).
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2022b; Zhou and Shackleton, 1999; Zhou et al., 2014). To establish the
chronologies of our studied loess sections, we correlate magnetic sus-
ceptibility and grain size of our sections with the composite oxygen
isotope curve of Lisiecki and Raymo (2005) (LR04), following the
chronological framework of recent publications (e.g., Hao et al., 2012;
Zhou et al., 2014). Based on detailed correlation, 15 tie points (I–XV)
were adopted to refine the chronology of the four sections (Fig. 2e). Our
results correspond well to the speleothem oxygen isotope-based chro-
nology for other loess sections (Sun et al., 2021).

3.2. Grain size periodicities of the different loess sections

To explore the periodic variations in grain size and magnetic sus-
ceptibility data in different loess sections on the CLP, we further
compare the results of our four sections to seven other loess sections
with high-precision chronologies, as detailed in Table 1.

Among the six sections on the eastern side of the CLP, the Dingbian
and Jingbian sections are in the northern part, the Luochuan and Xifeng
sections are in the central part, and the Baoji and Weinan sections are in
the southeastern part (see Fig. 1b for locations). As shown in Fig. 3, grain
size and magnetic susceptibility of the six sections are generally

Fig. 5. Comparison of grain size periodicities from different loess sections on the eastern CLP (a–f in the left panel) with those on the western CLP (g–k in the right
panel). Note that the ~20-kyr period is more readily apparent in the sections from the western CLP.
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comparable, but there are also some differences. For instance, the
magnetic susceptibility curves of S1 in the Jingbian and Dingbian sec-
tions exhibit three peaks (Figs. 3a, b), which correspond well to three
precession cycles, but only one peak exists in the Xifeng, Luochuan,
Baoji and Weinan sections (Figs. 3c–f). Similarly, magnetic susceptibility
and grain size curves of S3 in the Jingbian and Dingbian sections possess
two obvious peaks (Figs. 3a, b), but only one or two peaks in magnetic
susceptibility and one peak in grain size in four other sections
(Figs. 3c–f). Three magnetic susceptibility peaks and four grain size
peaks from the Jingbian section correspond to three paleosol layers of
S5, while in other sections, magnetic susceptibility and grain size curves
are lack of discernible changes. Ma et al. (2017) attributed this phe-
nomenon to impacts of sedimentation rate and pedogenesis. In the
sections with low sedimentation rate and relatively strong pedogenesis,
multiple sub-soil layers in the same stratigraphic unit can be merged into
a single soil layer, leading to one peak in magnetic susceptibility curve;
whereas in the northern CLP, these sub-soil layers do not merge into a
soil layer due to high sedimentation rate and weaker pedogenesis, and
thus the magnetic susceptibility curve displays multiple peaks.

The sedimentation rate is high in the 5 loess sections from the
western CLP, with 4 of them exceeding 25 cm/ka (Table 1). The values
of magnetic susceptibility in these sections are generally lower
compared to the 6 sections on the eastern CLP, and some paleosol units
(e.g., S4 and S5) exhibit less prominent magnetic susceptibility peaks
(Fig. 4), which could be attributed to reduced precipitation and weaker
pedogenesis in these regions. In these sections, multiple sub-paleosols
did not merge with each other to became a composite soil unit. It is
noteworthy that grain size variations of these sections are distinct from
those observed in the 6 loess sections on the eastern CLP. For example,
magnetic susceptibility and grain size of S1 and S3 units both exhibit
three peaks in these sections, which correspond well with three coeval
precession cycles in insolation (Fig. 4). However, the grain size of all six
sections on the eastern CLP do not show these precession cycles (Fig. 3).
Although there is an absence of discernible changes in magnetic sus-
ceptibility, the grain size records of S5 units on the western CLP exhibit
significant variations, which may be related to precession cycles (Fig. 4).
In contrast, there are no significant changes in grain size records of the
six sections on the eastern CLP (Fig. 3).

Spectral analysis of grain size records from the six sections on the
eastern CLP reveals a dominant ~100-kyr ice-age cycle and relatively
damped ~20-kyr precession cycles (Figs. 5a–f). In contrast, ~100-kyr
and ~ 20-kyr cycles are both significant in grain size records from the
western CLP (Figs. 5g–k), demonstrating that there are differences in
grain size periodicity between the eastern and western CLP, with pre-
cession cycles more obvious in the western CLP. This discrepancy is
probably due to the presence of distinct precession cycles in the grain
size records of the same soil unit (e.g., S1, S3, and S5) within sections
from the western CLP, whereas these soil units from the eastern CLP lack
precession cycle variability. Importantly, this difference cannot be
simply explained by the low sedimentation rate and strong pedogenesis
of the eastern CLP, because the Dingbian and Jingbian sections in the
northern part of the eastern CLP have high sedimentation rates and weak
pedogenesis (Table 1), yet still lack precession cycles in grain size re-
cords, although the magnetic susceptibility of S1 and S3 units display
precession cycles. Additionally, all 11 sections across the CLP display a
relatively damped ~40-kyr cycle in the grain-size records (Figs. 5a–k),
which is undoubtedly corresponds to the 41-kyr obliquity cycle (Berger
and Loutre, 1991).

3.3. Climate significance of periodic variations in loess grain size

The above results reveal that the grain size variations both from the
eastern and western CLP show a dominant ~100-kyr ice-age cycle.
However, the precession signal on the western CLP is more obvious
compared to the eastern part of the CLP. We propose that the precession
signals in loess sections on the western CLP were not related to the

summer monsoon. This hypothesis is supported by several lines of evi-
dence: 1) loess particles are mainly transported by the winter monsoon
or Westerlies, and grain size cannot be employed as an indicator of
summer monsoon (Xiao et al., 1995; Hao et al., 2012), and 2) summer
monsoon precipitation exerts a more pronounced impact on the eastern
CLP, while exerting a comparatively weaker impact on the western CLP
(Ma et al., 2017).

Previous studies suggest that the grain size variations across the CLP
were controlled by the strength of the wind and the distance from the
source area (Ding et al., 1999, 2005). The dominant ~100-kyr cycle in
the grain size records of the eastern and western CLP was derived from
the variations of Northern Hemisphere ice volume, which can transmit
the ~100-kyr ice-age signal to the CLP and other regions in East Asia by
regulating the changes in the intensity of the Siberia-Mongolia high-
pressure and winter monsoon (Ding et al., 1995; Hao et al., 2012), as
shown in Fig. 6. However, because ~20-kyr precession cycles are only
clear in grain size records on the western CLP, it suggests that this
climate signal may not be related to the winter monsoon and variations
of Northern Hemisphere ice volume/Siberia-Mongolia high-pressure.
Rather the signal is probably related to some other, more localized
process(es).

One important clue is that the paleoclimate changes over the western
CLP are influenced not only by the Siberia-Mongolia high-pressure
system, but also by the Tibetan Plateau and Westerlies (Fig. 6), because
this region is close to the Tibetan Plateau and central Asia. A growing
body of climate simulations and geological evidence suggest that climate
changes in Westerlies-dominated region and Tibetan Plateau show
dominant ~100-kyr ice-age cycles and significant ~20-kyr precession
cycles (Fig. 7). For example, modeling reconstructions (Fig. 7a) for
central Asia shown significant precession cycles in temperature and
precipitation (Li et al., 2013; Liu et al., 2022), which correspond well to
periodic variations in precipitation inferred by speleothem data (Fig. 7b)
in the region (Cheng et al., 2012, 2016). Moreover, various proxies from
Lake Ohrid in the Mediterranean region (Fig. 7c) indicate that, in
addition to ~100-kyr ice-age cycle, ~20-kyr precession cycles were also
recorded in this region over the last 0.7 Ma (Wagner et al., 2019). The
~100-kyr ice-age and ~ 20-kyr precession cycles were also documented
in high-resolution pollen data from the Zoige Basin on the Tibetan
Plateau (Fig. 7d) (Zhao et al., 2020). Therefore, the precession signals in
loess grain size in the western CLP are most probably derived from the
Westerlies-dominated region and Tibetan Plateau.

Recent investigations reveal that the deserts located on the North-
eastern Tibetan Plateau (e.g., Qaidam Basin, Tengger, and Badain Jaran)
and to the north of the CLP (e.g., Mu Us Desert and Gobi in Southern
Mongolia) were important source areas for the loess on the CLP (Che and
Li, 2013; Maher et al., 2009; Pullen et al., 2011; Sun et al., 2008, 2020;
Xiao et al., 2012; Zhang et al., 2021, 2022a; Zhou et al., 2022). However,
under the influence of East Asian winter monsoon and Westerlies, source
areas for the loess on the western CLP were different from those on the
eastern CLP (Fig. 6). There was relatively more dust on the western CLP
derived from the Northeastern Tibetan Plateau region; By contrast, dust
on the eastern CLP mostly came from the deserts in northern China and
Gobi in southern Mongolia (Xiao et al., 2012; Zhang et al., 2021; Zhou
et al., 2022). As noted above, the climate variations in the Westerlies-
dominated region and Tibetan Plateau are influenced by the ~100-kyr
ice-age cycle as well as ~20-kyr precession cycles, and thus it makes
sense that the dust from these regions exhibits these cycles. These pe-
riodic signals could be transmitted and recorded in the loess grain size
records of the western CLP via variations in the size of the source areas,
strength of wind, dust flux. Recently, Xiao et al. (2023) compared the
grain size and provenance of the Luochuan loess to those of Menyuan
loess in the eastern part of the Qilian Mountains, and suggested that
Menyuan loess was mainly derived from the Northeastern Tibetan
Plateau, and dust supply was related to alpine glaciation activities in the
Northeastern Tibetan Plateau that were driven by local summer inso-
lation. Therefore, the grain size record of Menyuan loess displays
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significant ~20-kyr precession cycles, which is obviously different from
the predominant ~100-kyr ice-age cycles of the Luochuan loess on the
eastern CLP.

The dust source for loess on the eastern CLP was mainly derived from
the Mu Us Deserts and Gobi in Southern Mongolia, with less dust sourced
from the Northeastern Tibetan Plateau (Xiao et al., 2012; Zhang et al.,
2021; Zhou et al., 2022), and dust transportation was mainly controlled
by the East Asian winter monsoon, which is regulated by Siberia-
Mongolia high-pressure that is itself strongly modulated by ~100-kyr
ice-age cycles (Ding et al., 1995; Hao et al., 2012). This can explain why
grain-size records from the eastern CLP show dominant ~100-kyr ice-
age cycles, but lack ~20-kyr precession cycles. For the damped ~40-
kyr obliquity cycles in the grain-size records of both eastern and western
CLP, these cycles are likely derived from their respective source regions.
Geological records from Northern Hemisphere high latitudes (e.g.,
Williams et al., 1997), central Asia (Fig. 7a), and Tibetan Plateau
(Fig. 7d) show clear obliquity cycles. These periodic signals from these
regions could be transmitted and recorded in the loess grain-size records
of the CLP.

A growing body of evidence supports our view that periodic varia-
tions of dust accumulation are influenced by climate changes in dust
source areas. For example, the climate record from the MD03–2705 core
in the east coast of the Atlantic reveals that dust changes in the Sahara
Desert show pronounced ~20-kyr cycles, but lack ~100-kyr cycles
(Skonieczny et al., 2019), which is in-line with the climate variations
recorded in the low-latitude region of Africa (Kutzbach et al., 2008). In
contrast to the Sahara Desert, the climate during the last 0.8 Ma in South
America was dominated by ~100-kyr age-age cycles (Rodbell et al.,
2022), and the deserts in the South America are the main source regions
for dusts in equatorial eastern Pacific and Southern Ocean, south
Atlantic, and Antarctic regions (Delmonte et al., 2008; Delmonte et al.,
2004; Lamy et al., 2014). Dust concentration variations from the ODP
1090 core in south Atlantic (Martínez-Garcia et al., 2011), ODP 849 core
in equatorial eastern Pacific (Winckler et al., 2008), and Dome C ice core
in Antarctica (Lambert et al., 2008), all display a dominant ~100-kyr
cycle during the last 0.8 Ma, but lack ~20-kyr cycles, in agreement with
the climate variations recorded in South America.

3.4. Implications for regional paleoclimatic reconstruction

Our findings provide at least two valuable implications for regional
paleoclimate reconstruction based on investigations of CLP loess-
paleosol sequences. Firstly, loess grain size is a widely accepted proxy
of the East Asian winter monsoon (Ding et al., 1994; Hao et al., 2012; Liu
and Ding, 1998; Xiao et al., 1995) yet our study indicates that grain size
variability in loess cannot be simply explained by changes in the East
Asian winter monsoon. As such, the climatic significance of loess grain
size on the CLP should be specified according to its location. Secondly,
previous studies on Asian paleoclimate changes often use only one loess
section on the CLP to represent the whole mid-latitude monsoon region,
and these studies tend to overlook the climate differences among
different parts of the CLP, as demonstrated in this study. Recent studies
demonstrate that the dominant orbital periodicities of the East Asian
summer monsoon during the late Quaternary, as recorded by loess on
the CLP and at lower latitudes were different (Bao et al., 2022; Guo et al.,
2000; Li et al., 2024), further indicating how the characteristics and
forcing factors of Asian climate are spatially diverse.

4. Conclusions

Our comparison of six loess sections in the eastern Chinese Loess
Plateau (CLP) to five loess sections in the western CLP spanning the past
0.7 Ma reveals key differences in the preserved orbital signals. We found
that the dominant periodicity in grain size data on the eastern CLP is the
~100-kyr ice-age cycle, with only a very weak precession signal pre-
served, whilst the western CLP exhibits both ~100-kyr ice-age cycles
and significant ~20 kyr precession cycles. This spatial difference in
periodicity cannot be attributed to any differences in accumulation rates
and/or the merging of sub-soil layers caused by pedogenesis. We pro-
pose instead that the differences in the orbital responses in different
parts of the CLP can be attributed to the differences in the climatic
signals from the respective dust source areas, which regulated particle
sizes. The loess on the eastern CLP is derived largely from deserts to the
north (e.g., Mu Us Desert and Gobi Desert in south Mongolia), with
climates that are controlled by the Siberia-Mongolia high-pressure that
was modulated by ~100-kyr cycle, without significant influence from
~20-kyr precession. By contrast, the loess on the western CLP is mainly
derived from the Northeastern Tibetan Plateau, and the production,

Fig. 6. A conceptual model for the mechanism that can explain different loess grain-size periodicities preserved on the eastern versus western CLP. The legends are
same as Fig. 1b.
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transportation, and accumulation of the dusts there are influenced by
both ~100-kyr ice-age cycles and ~ 20-kyr precession. Our study
highlights how the climate variability encoded in Chinese loess was
spatially diverse, and strongly influenced by the climate variability of
the source regions.
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