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A B S T R A C T   

Central Asia (CA) is one of the main loess regions in the world and provides important information for the 
understanding of paleoclimate and paleoenvironmental changes. However, the spatio-temporal variability of the 
loess distribution is still not fully understood. Combining previous studies with our recent field investigations, we 
focus on the spatial distribution and ages of loess sediments in CA. Loess sediments are mainly distributed on the 
windward piedmonts of Central Asian high mountains, e.g. the Tianshan Mountains, Kunlun Mountains, and 
river terraces, with distinct pedogenic characteristics. The distribution of loess sediments is not only related to 
atmospheric circulations and regional climate but also closely related to landforms. Based on field observations 
and the pedogenic environment, we recommend that the loess distribution should be divided into three sub-
regions (Western CA, Northern CA, and Eastern CA), which are approximately coincident with the 60% and 30% 
winter-half year’s precipitation percentage contours, and also correspond to three loess depocenters with 
thicknesses over 200 m. Paleomagnetic, luminescence dating and AMS 14C geochronology indicated that most of 
the loess outcrops have developed since the last interglacial-glacial period; although CA loess sediments can span 
the entire Quaternary period and even extend into the Pliocene. AMS 14C can provide reliable ages for the last 
25–30 kyr. Quartz OSL and K-feldspar post-infrared infrared stimulated luminescence (pIRIR) dating techniques, 
based on well-bleached natural environmental materials, can provide reliable ages younger than 80 ka. The 
luminescence ages of older samples may be underestimated due to signal saturation problems. Dating of deposits 
at some elevated locations in CA shows rapid and discontinuous deposition, implying that caution is required in 
the interpretation of proxies and paleoenvironment. Spatial-temporal distributions of Central Asian loess lumi-
nescence ages indicate different clusters in different loess subregions, but generally the periods of strong dust 
activity occurred during cold glacial periods or stadials. New dating techniques should be developed to enable 
high-resolution paleoclimate reconstruction.   

1. Introduction 

Aeolian loess is a wind-blown silt-dominated sediment which covers 

~10% of the land surface of the planet. Loess deposits with intercalated 
paleosols can record the most complete Quaternary terrestrial glacial- 
interglacial cycles with respect to climate change and atmospheric 
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circulations over millennial to orbital timescales (e.g.Hao et al., 2012; 
Heller and Liu, 1986; Heller and Liu, 1982; Muhs, 2013b; Porter and An, 
1995; Song et al., 2014b). For example, loess studies of the Chinese Loess 
Plateau (CLP) have greatly improved our understanding of the spatial- 
temporal evolutions of the Eastern Asian Monsoon, Asian inland aridi-
fication and even past global changes (e.g. Ding et al., 2005; Guo et al., 
2002; Lu et al., 2010; Maher, 2016). 

Central Asia (CA) is one of the main loess regions in the world, 
characterized by comparatively patchy piedmont loess deposits of 
varying thickness (Schaetzl et al., 2018). Loess deposits are one of the 
most important archives of paleoenvironmental changes, including dust 
sources, paleoclimatic variability and atmospheric circulation in the 
Westerlies-dominated CA region. Loess deposits in CA have been studied 
since the 1990s (e.g. Dodonov, 1991; Dodonov and Baiguzina, 1995; 
Forster and Heller, 1994; Frechen and Dodonov, 1998; Zhou et al., 
1995). However, the spatial-temporal of Central Asian loess deposits and 
their specific paleoclimatic implications have not yet been as clearly 
defined when compared to the substantial deposits at the western and 
eastern extremities of the Eurasian loess belt, despite increased research 
in recent years (e.g. Fitzsimmons et al., 2018; Jia et al., 2019; Li et al., 
2018a; Li et al., 2020d; Li et al., 2018c; Li et al., 2019a; Li et al., 2019b; 
Li et al., 2019c; Li et al., 2020f; Machalett et al., 2008; Song et al., 2019; 
Song et al., 2018b; Youn et al., 2014; Zeng et al., 2019). 

Loess grain size (GS) and magnetic susceptibility (MS) are amongst 
the most common physical properties used as proxies for environmental 
change. Grainsize is regarded as an indicator of near-surface wind in-
tensity (East Asian Winter Monsoon, EAWM) on the CLP (Lu and An, 
1998; Vandenberghe et al., 1998; Xiao et al., 1995), although it may also 
be affected by vegetation coverage, frozen soil development (Li et al., 
2018c), transportation direction and source area (Cheng et al., 2020a), 
as well as wind strength in CA. MS in the CLP is widely used to recon-
struct the level of pedogenesis, which is related to climate parameters 
(precipitation and temperature). It is well known that paleosol layers 
have a higher MS than that of loess layers; MS has thus been used as a 
sensitive proxy of the East Asian summer monsoon intensity (An et al., 
1991; Evans and Heller, 1994; Heller and Evans, 1995; Heller et al., 
1993; Maher, 1998; Song et al., 2012; Zhou et al., 1990), However, in 
some loess profiles from CA, the MS of the paleosol layer is lower than 

that of the loess layer (e.g.Chen et al., 2012; Cheng et al., 2020a; Jia 
et al., 2012; Jia et al., 2013; Kang et al., 2020; Li et al., 2020d; Li et al., 
2018c; Li et al., 2020e; Liu et al., 2012; Song et al., 2010; Song et al., 
2019; Zeng et al., 2019), without a positive relationship with pedo-
genesis intensity, perhaps due to the effects of topography (e.g. altitude) 
and sources. In the mountainous areas, the landform especially altitude 
produces an important effect on regional precipitation and temperature, 
and further affects the formation and transformation of magnetic min-
erals (Song et al., 2010). Magnetic mineral composition of source parent 
rock also has import contribution on MS enhancements in a weak 
pedogenesis loess. A recent modern process study (Zan et al., 2020) 
demonstrates that the spatial variations in the magnetic properties of 
surface eolian sediments across the northern Tibetan Plateau and the 
adjacent regions depend largely on regional precipitation and magnetic 
minerals from the source parent rocks. The temperature has a negligible 
impact on the variations of the magnetic properties of the surface soil 
samples(Zeng et al., 2019). 

Reliable dating provides a basis for paleoclimatic reconstruction; 
however, dating results are dependent on the different methods and 
materials used for dating, which impedes accurate description of the 
paleoclimatic history and full understanding of the hidden driving 
mechanisms. 

A theoretical model for the genesis of CA loess proposes that the fine- 
grained particles in the loess were produced by glaciers and rivers in the 
mountains, transported by rivers into the desert basins, and then sub-
sequently transported back onto the piedmonts (Dodonov and Baigu-
zina, 1995; Fang et al., 2002a; Fang et al., 2002b; Li et al., 2020f; 
Machalett et al., 2006; Obruchev, 1945; Smalley et al., 2006). However, 
the origin of CA loess is mostly inferred from the spatial characteristics 
of the loess grain size, or present-day air circulation patterns (Li et al., 
2012; Li et al., 2015b; Sun, 2002; Ye, 2000). Recent studies have sug-
gested that the loess deposits in the Ili Basin, eastern Central Asia and the 
Afghan-Tajik Basin are dominated by proximal sources constituted by 
the alluvial plains and local proluvial fans, whereas rare sediments 
seldom originated from the large CA deserts (Chen et al., 2021; Li et al., 
2018b; Li et al., 2020e; Li et al., 2019b; Zeng et al., 2021). Consequently, 
the provenance of CA loess is not well known and needs to be ascer-
tained by further investigations. Finally, the complicated topography 

Fig. 1. Schematic map of loess and sandy loess distribution, and locations of meteorological stations in Central Asia. 
ISM: Indian Summer Monsoon; EAWM: East Asian Winter Monsoon; EASM: East Asian Summer Monsoon; SH: Siberian High. 
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and atmospheric circulation patterns, especially the intensity and loca-
tion of the Westerlies, strongly affect the climatic features of CA and 
represent the interactions between the major Northern Hemispheric 
subsystems of Eurasia over Quaternary timescales (Fitzsimmons et al., 
2018; Li et al., 2018c; Machalett et al., 2008; Youn et al., 2014). Thus, 
climatic trends appear to vary across CA, resulting in markedly different 
forcing mechanisms (Kang et al., 2020; Li et al., 2020b; Long et al., 2017; 
Song et al., 2019). 

Hence, this study focuses only on the basic problems of the spatio- 
temporal distribution of CA loess, which is the base of understanding 
the implication of various proxies and dust sources. The associated 
climate change and its dynamic mechanisms will be discussed in a future 
paper. 

Fig. 2. Mean monthly temperature and precipitation at meteorological stations in Central Asia and the adjacent regions (for locations of meteorological stations, 
see Fig. 1). 
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Fig. 3. Annual temperature (a), annual precipitation (b), winter half -year (winter-spring) percentage of annual precipitation (c) in Central Asia.  
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2. Geographical setting and climate 

Central Asia is situated in the hinterland of the Eurasian continent, 
distant from the sea, extending from the Caspian Sea in the west to China 
in the east and from the Alborz, Hindu Kush and Pamir Mountains in the 
south to the Kazak Highlands and Altai Mountains in the north (Fig. 1). 
This study is focused mainly on the five Central Asian Republics of the 
former Soviet Union (Turkmenistan, Uzbekistan, Tajikistan, Kyrgyzstan, 
and Kazakhstan) and the surrounding area, including Xinjiang in China 
and northern Iran. The topography of Central Asia varies from vast 
plains and steppes to mountains. The southern and eastern parts of CA 
are high mountains (e.g. Kopet Dag, Hindu Kush, Tianshan, Altai, 
Kunlun), interspersed with several basins (i.e. Tajik, Fergana, Ili, 
Jungger and Tarim). Western CA consists mainly of plains (e.g. Caspian 
coastal plain and Turan plain) and deserts such as Karakum, Kyzlkum 
and Muyunkum (Fig. 1). 

CA is a landlocked region with a typical continental temperate dry 
climate, characterized by hot summers and cold winters; seasonality of 
precipitation varies greatly within the region (Fig. 2). Mid-latitude 
westerlies (Aizen and Aizen, 1997; Huang et al., 2015; Vandenberghe 
et al., 2006), the Siberian High (SH) (Feng et al., 2011; Gong and Ho, 
2002; Groll et al., 2013; Li et al., 2019a; Sorrel et al., 2007), and the 
polar front from the north (Machalett et al., 2008), play pivotal roles in 
the region by affecting moisture advection, while penetration of the East 
Asian Winter/Summer Monsoon (EASM/EAWM) or Indian Summer 
Monsoon (ISM) have minor effects (Aizen et al., 1996; Chen et al., 2019; 
Cheng et al., 2012). Large-scale, distinct, inter-seasonal variations in 
atmospheric circulations across CA directly influence water vapor 
transportation (see Fig. S1). Ice core isotope records from the Inilchek 
Glacier in the central Tianshan Mountains show that 87% of the pre-
cipitation originates from the Aral-Caspian (55%) and the eastern 
Mediterranean and Black Sea (32%) regions; the remaining 13% origi-
nates from the North Atlantic Ocean (Aizen et al., 2006). A strengthened 
Siberian High (SH) pushes the pathways of the mid-latitude westerlies 
further to the south, resulting in comparably drier conditions in north-
eastern CA (e.g. Tianshan Mountains), and conversely, wetter conditions 
in southwestern CA (Pamirs) (Lei et al., 2014; Wolff et al., 2016). 

The mountains of the Tianshan, Altai, Hindu Kush and Pamirs have a 
major impact on the climate and environment of CA (Rugenstein and 
Chamberlain, 2018; Sha et al., 2018). The mountains act as a significant 
barrier, not only blocking the entry of warm, wet air currents from the 
Indian Ocean, but also capturing moisture transported by the Westerlies 
from the distant Arctic Ocean, Atlantic, and the Mediterranean Sea. The 
mean annual temperature (MAT) increases from north (5–11 ◦C) to 
south (13–16 ◦C) (Fig. 3a), although topography also has an influence on 
the MAT, and the mean monthly temperature peaks occur in July 
(Fig. 2). Over the high rugged mountain ranges, Westerlies-derived air 
masses bearing recycled moisture are uplifted to produce orographic 
rainfall (Cai et al., 2017), with low precipitation on leeward slopes and 
in intermontane basins, resulting in an uneven distribution of precipi-
tation in CA (Fig. 3b). The mean annual precipitation (MAP) in the 
mountainous areas is higher and increases with rising elevation on 
windward (west-facing) slopes, reaching 2000 mm in the Fergana Valley 
(Jilili and Ma, 2015), whereas in deserts, plains and basins is 100–300 
mm in western CA, and less than 100 mm in the Taklimakan Desert in 
eastern CA (Fig. 3b). Seasonal precipitation in CA is also uneven (Fig. 2). 
Where annual precipitation has spring (major) and winter (minor) peaks 
(Fig. 2), the proportion of winter half -year (Oct to March) precipitation 
to annual precipitation is over 60% in western CA (Fig. 3c), but its 
proportion is less than 30% in eastern CA (Figs. 2, 3c). The precipitation 
distribution in northern CA is relatively even; the winter half -year 
precipitation accounts for 30–60% of MAP (Figs. 2,3c), and North 
Atlantic cyclones are responsible for the most precipitation during the 
spring-summer period. Therefore, to interpret historical climate data, 
we have divided the climate pattern of CA into 3 zones. The Western 
Zone is characterized by hot summer and a mild winter Mediterranean 

climate with most precipitation occurring during boreal winter (Octo-
ber–April). The Northern Zone is characterized by an arid temperate 
continental climate with an even distribution of seasonal precipitation. 
The Eastern Zone is characterized by extreme aridity with hydrothermal 
synchronization, i.e. high temperature and precipitation occur during 
summer (June–August) (Figs. 2, 3), indicating monsoonal climate fea-
tures to some extent. 

CA is one of the most important sources of global dust and aerosols. 
Data obtained from the daily MODIS imagery from 2003 to 2012 showed 
that dust emissions or dust storms have peaks in spring in the eastern 
and northern parts of CA, and in summer in the western part (Nobakht 
et al., 2019). The seasonal disparities of dust emissions are mainly 
controlled by different atmospheric circulation, which the former is 
related to Siberian anticyclone (Orlovsky et al., 2005; Roe, 2009). and 
the latter is related to the Caspian Sea-Hindu Kush Index (CasHKI, 
defined as the difference in mean sea-level pressure (MSLP) anomalies 
between Caspian Sea and Hindu Kush)(Kaskaoutis et al., 2016). The 
Western CA “dust belt”, which extends from west to east over the 
southern deserts, north of the Caspian Sea deserts, Aral Sea region and 
south of Lake Balkhash, was the major dust emissions source, with a high 
frequency of dust storms and more prolonged events (Indoitu et al., 
2012). Northern CA had less frequent and shorter dust storm events. In 
eastern CA, the frequency of dust events was smaller by an order of 
magnitude in the Jungger Basin (10.9 d yr− 1) than in the Tarim Basin 
(111.3 d yr− 1). This because that huge amounts of silt materials and a 
relatively high wind-energy and extreme dry environment in the 
Taklimakan Desert resulted in more frequent dust events in the Tarim 
Basin. Floating dust was most frequently observed in the Tarim Basin, 
which is probably due to the enclosed terrain, while blown dust occurred 
more frequently in the Jungger Basin. 

3. The distribution of Central Asian loess 

CA is one of the main dust source regions in the world (Muhs, 2013a), 
and also one of the main loess distribution regions (Schaetzl et al., 
2018). Aeolian dust accumulation (loess) in this area is controlled 
mainly by topography and atmospheric conditions, especially wind di-
rection and effective moisture. Loess sediments generally accumulate in 
intermediate locations between the Asian high mountains and the Gobi 
Desert, particularly on windward slopes, river terraces, alluvial plains 
and desert margins (Dodonov and Baiguzina, 1995; Machalett et al., 
2008; Song et al., 2014a). Sandy loess with several to ten meters is 
distributed on the edges of the great deserts in CA such as the Taukum, 
Muyunkum, Kyzylkum, and Saryyesik Atyrau Deserts (Fig. 1), while 
thick- and silt-dominated loess is distributed closer to the mountains, 
extending from the foothills of the north Iranian Alborz-Kopet Dag 
Mountains at their westernmost (Kehl et al., 2005; Vlaminck et al., 
2016) extremity, south to the Hindu Kush Mountains-Pamirs Plateau, 
east to the Northern Tibetan Plateau (Ding et al., 2002b; Dodonov and 
Baiguzina, 1995), and north along the Altai Mountains margins (Zykin 
and Zykina, 2015). The piedmont belts of the Tianshan Mountains are 
the main loess distribution area (Fang et al., 2002b; Fitzsimmons et al., 
2018; Song et al., 2014a; Youn et al., 2014); here, the thickness of loess 
deposits can reach over 200 m in the Ili Basin (Song et al., 2014a), and 
near 700 m in the pediment of the Kunlun Mountains (Wang et al., 2003; 
Wu et al., 2020; Zan et al., 2011; Fang et al., 2020). 

Based on our field investigations over the last decade and coupled 
with previous studies (See Supplementary Table 1), we divided CA loess 
areas into three subregions (Fig. 1), which are approximately consistent 
with the 60% and 30% winter-half year’s precipitation percentage 
contours (Figs. 1, 3c). 

3.1. Western CA loess region (Subregion I) 

Subregion I refers to the western CA (or core CA arid region), i.e., 
from the Caspian Sea to the West Tianshan Mountains - Pamirs Plateau, 

Y. Song et al.                                                                                                                                                                                                                                    
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including Northern Iran, Turkmenistan, Tajikistan, Uzbekistan and 
southern Kyrgyzstan. This subregion experiences westerly winds and has 
a Mediterranean climate, characterized by hot/dry summer and mild/ 
wet winter. The proportion of summer precipitation to annual precipi-
tation is less than 10%. The southern part of the subregion, where 
annual precipitation is higher (over 600 mm), is also affected by the 
Indian Summer Monsoon. Loess sediments in the subregion I (Fig. 1) are 
mainly distributed across the North Iranian Loess Plateau (NILP) (Fig. 4) 
(Frechen et al., 2009; Kehl, 2010; Lauer et al., 2017a), the Tajik 
Depression (Penj River valley) (Ding et al., 2002b; Dodonov et al., 2006; 

Forster and Heller, 1994; Lu et al., 2020), the Zeravashan Basin, the 
Tashkent-Fergana Basin in eastern Uzbekistan, including Hunger Steppe 
(Smalley et al., 2006; Zhou et al., 1995), and the western foothills of the 
Pamirs in southeastern Tajikistan (Ding et al., 2002b; Frechen and 
Dodonov, 1998) (Fig. 5). 

Loess in northern Iran (Figs. 4, 6a) was deposited across a region 
from the northern foothills of the Alborz Mountains to the Caspian 
Lowland, and the northeastern slopes of the Kopeh Dagh Mountains. The 
loess band consists of alternating layers of yellowish loess and moder-
ately well-developed brown paleosols, which were developed during 

Fig. 5. Sketch map of loess thickness and the studied loess sections in the Tadjik Depression and southeastern Uzbekistan (loess derived from observations and 
following Smalley et al. (2006)). 

Fig. 4. Loess distribution and reported sections in the North Iranian Loess Plateau (modified from (Asadi et al., 2013) and (Frechen et al., 2009)).  
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glacial and interglacial periods, respectively. Because of the arid 
climate, secondary calcite (up to ~20 cm in diameter carbonate nod-
ules) and gypsum have developed in paleosols (Karimi et al., 2009). In 
contrast to the paleosol layers, the loess layers have a massive structure 
and contain small carbonate nodules (<2 cm) with wormholes and Fe- 
Mn coatings (Wang et al., 2016). The thickness of the loess sediments 
has a thinning trend from the northeastern to the southwestern NILP 
along the Gorgan River. The thickness of the loess deposits in the Agh 
Band (Fig. 6b) exceeds 60 m (Lauer et al., 2017b) and gradually reduces 
to about 30 m in the Now Deh and Toshan sections towards the south-
west (Gorgan) (Frechen et al., 2009; Vlaminck et al., 2018), although the 
loess thickness in the Neka section, west of Gorgan, exceeds 60 m, with 
eight intercalated pedocomplexes (PC) (also known as paleosols in the 
CLP) (Frechen et al., 2009). The total thickness of the Mobarakabad 
section on the northernmost ridge of the Alborz Mountains (Fig. 4) is 
about 17 m and contains five PCs (Fig. 6c). Loess deposits in NE Iran 
cover granitic and meta-sedimentary rocks of the Binaloud Mountain 

range to the south of Mashhad (Fig. 1), and are thinner (up to 12 m 
thick) with a patchy distribution (Ghafarpour et al., 2016). 

The reaches of the Amu Darya and Syr Darya rivers and mountain 
piedmonts are the main loess distribution regions in the Tajikistan and 
Uzbekistan (Fig. 5). Tajikistan possesses the thickest loess layer and the 
most continuous loess sections in western CA. Thick loess occurs in the 
Tajik Depression (southern Tajikistan), particularly on the southern 
piedmonts of the Zeravshan range and southwest of the Altai Mountains, 
and at the western Pamirs margin (Ding et al., 2002b; Dodonov and 
Baiguzina, 1995) (Fig. 5). The thickness of loess sediment in the Tajik 
Depression reaches 200 m (Dodonov et al., 2006). The Darai Kalon 
section is composed of 18 horizons of PCs with a thickness of 176 m 
(Dodonov et al., 2006; Frechen and Dodonov, 1998), while the Chash-
manigar section is 205 m thick with at least 29 PCs (paleosols) (Ding 
et al., 2002b; Parviz et al., 2020; Yang et al., 2006) (Fig. 6d). Recent 
investigation indicated the thickness of the whole Chashmanigar loess 
section is 220–227 m(Parviz et al., 2020). The thickness rapidly 

Fig. 6. Loess landscape and sections with elevations in western Central Asia (Subregion I). For the locations of photos, see Figs. 4 & 5; photos in a & c provided by 
Amin Ghafarpour, photo b by Xin Wang, and other photos by Yougui Song; numbers (m) are elevations. 
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decreases southward, with no loess along the banks of the Panj River, 
according to our field investigations in 2015–2017. There is a significant 
difference in color between loess interbedded with paleosols (Fig. 6e) in 
this area, and the most loess-paleosol sequences in the Northern Tian-
shan Mountains are analogous to those of the CLP. Loess layers show a 
yellowish color, homogeneous silt, with massive structure, while the 
paleosols are characterized by a brownish or reddish, subangular blocky 
structure and Fe-Mn clay coatings, which suggest strong pedogenesis. 
Magnetic susceptibility in the paleosols is higher, in agreement with the 
loess-paleosol sequences in the CLP (Ding et al., 2002a; Ding et al., 
2002b; Yang et al., 2006). Carbonate nodule horizons are also observed 
below the paleosols; however, no obvious paleosols are observed in the 

sections in lower elevation areas (Fig. 6f). 
In the Tashkent-Fergana Basin, loess mainly covers the piedmont 

slopes of the west Tianshan Mountains (Fig. 6g) and terraces of the Syr 
Darya river and its tributaries (Fig. 5), e.g., Chichiq River (Fig. 6h), 
Karasu River (Fig. 6i). The loess thickness ranges from several meters to 
30–50 m (Fig. 6i, k), and up to 100 m at Orkutsay (Fig. 6g), becoming 
thinner eastwards in the Fergana Basin. The thickness reaches several 
meters near Osh, with weak pedogenesis (Fig. 6l). Previous studies 
(Mavlyanov et al., 1987; Smalley et al., 2006) have reported that the 
Hunger Steppe between the Turkestan Mountains and Syr Darya River 
has a depocenter with >70 m thickness of loess, or loess-like deposits 
(Fig. 5). These may be alluvial-proluvial sediments originating from the 

Fig. 7. Loess landscape and sections in Northern Central Asia (photos by Y Song, Y Li).  
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Syr Darya river. The Zerafshan Basin is also covered by loess with 
thicknesses of several meters to ten meters, with no obvious paleosol 
horizons. There are up to 20 m alluvial-delta loess-like deposits with 
sand and clay intercalations with thicknesses of near Nukus in the Turan 
Lowland and along the edges of the Karakum and Kyzylkum Deserts 
(Fig. 1). 

3.2. Northern loess region (Subregion II) 

Subregion II is located north part of the Tianshan Mountains, 
including southeastern Kazakhstan, the Ili Basin, Tacheng Basin and the 
Altai region of Xinjiang Province, China (Fig. 1). The subregion is 
influenced by the Siberian High and the Arctic Polar Front. The mid- 
latitude Westerlies shift northwards in summer, and summer precipita-
tion accounts for 20–50% of total annual precipitation. Loess on the 
northern slopes of the Tianshan Mountains has been deposited on 
various geomorphic surfaces, mostly between 700 and 2400 m a.s.l., but 
there is little to no loess above the forest line. Pedogenesis is weaker in 
this subregion, hindering the identification of the paleosol layers at 
lower altitudes (below 1400 m a.s.l.) in the piedmonts. However, the 
paleosols on mountains at high elevation with higher annual precipi-
tation have a conspicuous brown or reddish color with higher magnetic 
susceptibility (Song et al., 2010; Song et al., 2014a). Holocene paleosol 
horizons with strong pedogenesis can be observed in high mountains 
(Duan et al., 2020). 

Field observations in recent years have shown that Kyrgyzstan loess 
is mainly distributed in the Chu Valley and along the edges of the high- 
elevation, glaciated Tianshan Mountain ranges in northern Kyrgyzstan. 
The thickness of the outcropped loess ranges from several meters to 20 m 
(Fig. 7a). The loess in Kazakhstan is mainly distributed on the windward 
piedmont of the Tianshan and Karatau Mountains (Fig. 7b–d), river 
terraces (Fig. 7e), alluvial fans, and along the margins of the Muyunkum, 
Taukum (Fig. 7f), and Saryesik-Alyrasu Deserts in southeastern 
Kazakhstan (Fig. 1). The silty loess is distributed at altitudes between 
750 and 2400 m a.s.l.; particularly in the foothills of the Tianshan 
Mountains, where the loess reaches a thickness of up to 100 m, forming a 
smooth, undulating landscape (Dodonov, 1991; Fitzsimmons et al., 

2020; Machalett et al., 2006). The most continuous loess deposits lie 
west of Almaty and the Ili Gate (Schaetzl et al., 2018). In the middle 
reaches of the Ili Valley, loess cover is more limited and discontinuous, 
and more frequent on the southern than the northern slope (Fitzsim-
mons et al., 2020). The thickest loess section, reported by Machalett 
et al. (2006), is the Remisowka loess section located in the vicinity of the 
northwestern Tianshan Mountains near Almaty, which is 80 m thick. 
The upper 48 m of this section consists of 9 loess layers with numerous 
mollusc shells and 8 pedocomplexes. Fe-Mn coating, carbonate myce-
lium, carbonate and gypsum concretions were also observed in this 
section. The sandy-loess or loess-like sediments found in the river and 
deserts are thinner, having a thickness of several meters, and are coarser 
in grain size with polygenetic sources. 

In the Ili Basin, loess covers the river terraces of the upper and middle 
reaches of the Ili River and its tributaries (Kunes, Tekes, Kashi Rivers) 
(Fig. 8) and extends across the southern and northern slopes of the 
Tianshan Mountains and the edge of the deserts, ending at the tree line 
(Song et al., 2014a). The loess sediments are characterized as yellowish 
or grayish yellow, homogeneous, loose, porous, and fine-medium silt. 
Terrestrial snails and carbonate concretions are widespread in loess 
deposits in the southeastern Ili Basin, e.g. the TKS (Fig. 7g), ZTK 
(Fig. 7h), XE (Fig. 7i), NLK (Fig. 7j), TLD (Fig. 7k) sections. Paleosols are 
mostly characterized as light brown or taupe, dense, weakly developed 
with white mycelium patches. Pedogenic accumulation of secondary 
carbonate or gypsum concretions have developed in paleosol. Some 
loess-paleosol strata, especially at the bottom, contain gravel and sand, 
showing the characteristics of multiple genetic processes. The distinc-
tion between loess and paleosol in the western Ili Basin, with an arid 
climate and low altitude, is generally inconspicuous. Pale-brownish 
weakly-developed paleosols are observed in mountainous regions with 
high precipitations, e.g. the NLK section (Fig. 7j). The steppe top soil is 
homogenous and saline with many fine fossil root channels. The thick-
ness of loess deposits ranges from several meters to approximately 200 
m. There are two primary depocenters, around Sangongxiang (SGX) and 
Xinyuan in the central-western Ili Basin (Fig. 8), where 96 m and 202 m 
drilling cores, respectively, were retrieved, (Song et al., 2014a). The 
thickness of outcrop loess profiles exceeds 40 m near Zeketai (ZKT) town 

Fig. 8. Loess distribution and loess sections in the Ili River watershed (loess distribution modified from Song et al. (2014a); for photos of sections, see Fig. 7).  
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(Fig. 7h) and Talede (TLD) town (Fig. 7k), Xinyuan County, where the 
altitude is generally 900–1500 m. On the second terrace of the Kashi 
River, the thickness of loess is more than 20 m at elevations of 
1250–1700 m (Fig. 7j) (Li et al., 2018c). The thickness of loess is less 
than 20 m in Gongliu County at altitudes of 600–1600 m. Loess covers 
the terraces of the Tekes River at elevations between 1300 and 2100 m, 
and its thickness varies from a few meters to tens of meters: e.g., the TKS 
section is about 50 m thick (Fig. 7g) in the Zhaosu sub-basin. 

Aeolian loess is widely distributed in the various geomorphic sur-
faces (e.g. terraces and foothills) between 700 and 2400 m a.s.l. (Fang 
et al., 2002b), and forms a loess belt along the southern margin of the 
Junggar Basin and below the fir-spruce forest on the northern slopes of 
the Tianshan Mountains, mainly from Urumqi to Bole (Fig. 1). The loess 
thickness ranges from 5 m to 50 m and can even reach up to ~90 m 
thickness in the Shihezi region. To date, the thickest loess outcrop sec-
tion observed in this region is about 71 m near Dongwan town (DW) 
(Fig. 7i), with nine layers of weakly developed paleosol complexes(Fang 
et al., 2002b; Li et al., 2020c). Loess in this section is characterized by 
dark yellow, loose, massive structure with many biological relics and 
intercalated gray yellow loessic sands, and paleosol is brownish gray or 
brown color, massive structure with many biological channels, carbon-
ate spots and small nodules. There are no gypsum or Fe-Mn coatings. The 
thickness of loess near Urumqi exceeds 30 m (Fig. 7m). In the Bole re-
gion, the thickness of loess increases from west (2–3 m) to east (50–60 
m), near Bole city (Fig. 7n). In the Tacheng Basin, the thickness of loess 
varies from a few meters to 30 m (Fig. 7o) (Cheng et al., 2020a; Li et al., 
2015b; Li et al., 2019c). Loess in the north makes a belt zone along the 
southern foothills of the Tarbagatai Mountains; the loess in the south is 
mainly distributed in the northern piedmonts of the Barluk Mountains, 

with an elevation of 800–1200 m. Loess and loess-like sediments are also 
distributed between the Irtysh River and the southern slopes of the Altai 
Mountains (Fig. 1). 

3.3. Eastern loess region (Subregion III) 

The Eastern Loess Region (Subregion III) covers the Tarim Basin 
(including the Taklamakan Desert and Lop Nor) and its surrounding 
area. The climate of this subregion is extremely arid, with hydrothermal 
synchronicity in summer. Loess or loess-like sediments are spread from 
Kashi in the west to Ruoqiang in the east and constitute a loess belt to the 
northern slopes of the Kunlun Mountains between 1500 and 4500 m a.s. 
l. (Fig. 1). The loess landforms are characterized by loess ridges, which 
have been eroded by rivers (Fig. 9a). From alluvial/proluvial fan, to 
piedmonts (Fig. 9a) to high mountains (Fig. 9b,c), the thickness of loess 
follows a thin-thick-thin lenticular pattern and the grain size of sedi-
ments gradually decreases. Convergent winds in the Hetian and Yutian 
regions cause deposition of the thickest loess sediments. The thickness of 
outcropped loess near Aqiang town in the front of the Kunlun Mountains 
ranges between 30 and 80 m (Fig. 9d–f). Nine paleosol complexes were 
reported from an 81 m thick loess section (DBBX) (Fig. 9e) (Fang et al., 
2002a) on the slopes of the Kunlun Mountains. However, drilling cores 
from the loess watershed of the Keriya River near Pulu (about 3300 m a. 
s.l.) indicated that the thickness can reach 671 m (Fang et al., 2020) 
(Fig. 9g), although the thickness reduces with increasing elevation; for 
example, the loess thickness is only 16 m at 3600 m a.s.l. near Yamei 
village (Fig. 9h). Ten paleosols layers were observed in a 207 m pilot 
core (Zan et al., 2013; Zan et al., 2010). Thin loess and loess-like sedi-
ments occur sporadically between the Tarim River and the southern 

Fig. 9. Loess sections in eastern Central Asia (photos by Yougui Song).  
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slopes of the Tianshan Mountains (Fig. 1). 
Loess in this subregion is characterized by gray to light grayish 

-yellow in color, homogeneous, coarse silt and fine sand. Pedogenesis is 
generally very weak; it is difficult to recognize the paleosol layers in the 
field, but it can be distinguished with careful examination and by 
proxies. It has been generally acknowledged that dust materials origi-
nate from proximal deserts and fluvial-alluvial fans. It is believed that 
loess is a synchronous near-source product from the Taklimakan Desert 
(Fang et al., 2002a). However, new data sets on the grain size and 
geochemical studies suggest that the Kunlun Mountains are the main 
source of the sand fraction, and both the Kunlun and Tianshan Moun-
tains are the main sources of the dust fraction (Jiang and Yang, 2019; Li 
and Song, 2020). 

4. Loess dating in Central Asia 

Independent and reliable timescales are prerequisites for Quaternary 
climate and environmental reconstructions. Since the 1980s, many re-
searchers from Russia, China, UK and Germany have carried out studies 
on geochronological studies of CA loess, including paleomagnetism and 
thermoluminescence (TL) dating (e.g. Ding et al., 2002b; Dodonov, 
1991; Dodonov and Baiguzina, 1995; Dodonov et al., 1999; Forster and 
Heller, 1994; Shackleton et al., 1995; Smalley et al., 2006; Zhou et al., 
1995). Recently, Infrared Stimulated Luminescence (IRSL), Optically 
Stimulated Luminescence (OSL) and Accelerator Mass Spectrometry 
(AMS) 14C have been widely used to date the Middle-Late Quaternary 
sediments in CA, although controversy remains regarding the reliability 
of results because of their age inconsistencies and discrepancies (e.g. 
Kang et al., 2015b; Li et al., 2015a; Li et al., 2016b; Qin and Zhou, 2018; 
Song et al., 2015; Song et al., 2012; Song et al., 2018b; Wang et al., 2018; 
Youn et al., 2014). Here, we collected dating results over 30 loess sec-
tions or drilling cores from CA (See Supplementary Table 1) and ana-
lyses their temporal-spatial distribution characteristics. 

4.1. Paleomagnetic dating and formation age of Central Asian loess 

The paleomagnetic method was the earliest dating technique used to 
establish long-term (> 0.8 Ma) geochronological series of loess sedi-
ments. The previous magnetostratigraphic correlation has shown that 
the oldest loess in Tajikistan began to accumulate since Gauss polarity 
period (2.5 Ma, now 2.6 Ma) at the Karamaidam section, and the 

Brunhes/Matuyama (B/M) boundary was recognized between PC9 and 
PC10, the Jaramillo subchron between PC15 and PC16, and the Olduvai 
subchron was found at the level of PC33 and PC34 (Dodonov and Pen-
kov, 1977). However, the stratigraphic position of the lower outcrop of 
this section was questioned by the subsequent field investigation(Forster 
and Heller, 1994), because of the outcrop’s stratigraphic position 
paleomagnetic results of this part seemed to be rather uncertain and 
could lead to misinterpretation. Further lithological and magneto-
stratigraphic results (Forster and Heller, 1994; Frechen and Dodonov, 
1998) revealed the upper 100 m loess sequence is composed of 13 
intervening PC, and confirmed that he B/M boundary is in L10 between 
PC9 and PC10, but the Jaramillo subchron was located L14 between 
PC13 and PC14, and the Olduvai subchron was located at L20 of PC19 
and PC20 (Frechen and Dodonov, 1998). The subsequent field in-
vestigations found that the stratigraphic position of the sections, which 
Dodonov and Penkov (1977) had interpreted as originating from the late 
Gauss to the late Matuyama, seemed to be rather uncertain and could 
lead to misinterpretation (Forster and Heller, 1994). The stratigraphies 
of these sections in Tajikistan do not compare well with each other 
(Fig. 10), for example, locations of B/M boundaries are different in the 
Karamaidam, Darai Kalon and Khonako-2 sections below or above PC9 
(Dodonov, 2013; Dodonov, 1991) (Fig. 10). These sections are very 
close, but have different loess-paleosol couplets. The Chashmanigar 
section (Fig. 6d) is 195 m thick with 29 loess-paleosol couplets, corre-
sponding to S0-S24 of the Chinese loess. The bottom paleomagnetic age 
is estimated at 1.77 Ma (Ding et al., 2002b). Recent paleomagnetic 
analysis (Parviz et al., 2020) extended the basal age of the Chashmani-
gar section to 2.13 Ma about the Reunion subchron, and paleosol at the 
bottom of this section was traced back to S29 based on correlation of 
grain size, magnetic susceptibility with deep-sea oxygen isotope records. 

The Darai Kalon section (176 m) with 18 PCs reaches up to 1.1 Ma 
(Dodonov, 2013) in paleomagnetic age, but the 205 m thick Kar-
amaidam section covers the whole Quaternary. Paleomagnetic and fossil 
assemblages suggest there are Upper and Middle Pleistocene loess de-
posits in the Tajik Depression, especially in the upper reaches of the 
Vakhsh River and Kyzylszu River, which are tributaries of the Penj River 
(Dodonov, 2013; Dodonov, 1991; Frechen and Dodonov, 1998). 
Recently, paleomagnetic results and biostratigraphic age constraints 
(mollusc species) indicate that loess in the Agh Band section on the NIGP 
commenced at ~2.4–1.8 Ma (Wang et al., 2016) (Fig. 6b), which is the 
oldest loess found in the northern Iran arid area. The lower Pleistocene 

Fig. 10. Magnetostratigraphic correlations of Central Asian loess sections and cores.  
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loess in Iran and south Tajikistan suggest that there was widespread 
loess accumulation in western Central Asia (Subregion I) during the 
early Pleistocene. 

The Orkutsay section (Fig. 6g) in Uzbekistan contains 10 paleosol 
layers (PC1 ~ PC10), with a bottom age older than 0.78 Ma (B/M 
boundary) (Fig. 10). The stratigraphy and corresponding age in the 
Charvak section, which is thinner (Lazarenko et al., 1981), are similar to 
the Orkutsay section (Fig. 10). The loess of other sections is 40–50 m 
thick and overlies different geomorphic units in the Tashkent-Fergana 

Basin, including 3–4 weakly developed paleosol layers. The loess stra-
tigraphy of the Orlovka section in Kyrgyzstan is >50 m thick, but the B/ 
M boundary was not recognized in this section (Fig. 10). Loess stratig-
raphy in southeastern Kazakhstan is 80–100 m thick, and contains 
several paleosol layers. And where the preliminary estimate of the 
paleomagnetic age of the Remisowka section is also older than 800 ka 
(Fig. 9), but needs further chronological assessment (Fitzsimmons et al., 
2018; Machalett et al., 2006; Machalett et al., 2008). 

As stated above, the thickness of the Tianshan outcrop loess is 

Fig. 11. Fine-grained polyminerals and K-feldspar luminescence dating of thick loess sections and comparison with their stratigraphy in Central Asia. Data sources: 
Dari Kalon (Frechen and Dodonov, 1998), Remizovka (Machalett et al., 2006), Okutsay (Zhou et al., 1995); Agh Band, Neka, and Now Deh (Frechen et al., 2009). 
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usually less than 50 m, and mainly formed during the late Quaternary (Li 
et al., 2015b; Song et al., 2014a). The TLD 96 m drilling core with a 0.86 
Ma paleomagnetic age in the Ili Basin showed that the B/M boundary 
was located at L8 (Shi, 2005), similar to the Dongwan (DW) outcrop 
loess sediment on the northern slopes of the Tianshan (Fang et al., 
2002b) and Kunlun Mountains (Fang et al., 2002a) (Fig. 10). Recently, 
we have drilled a 202 m core in the SGX region in the central-northern Ili 
Basin, and preliminary paleomagnetic results have shown that it also can 
reach the B/M (0.78 Ma) boundary. The KLS drilling core in the slopes of 
the west Kunlun Mountains near Pulu village has a much higher sedi-
mentary rate, and the B/M boundary occurs at ~170 m (Zan et al., 
2010). Parallel drilling on this site reached about 670 m, and the 

paleomagnetic age of 3.6 Ma (Fang et al., 2020). 
Palaeomagnetic dating has great advantages in the determination of 

older ages, and provides a relative geochronology (age equivalence) 
frame of aeolian loess sediments for Quaternary climate and paleo-
environment changes. However, the absence of absolute age (e.g. tephra 
dating, OSL) or other supporting evidence (e.g. paleontological fossils), 
may result in overall chronological deviations. Furthermore, palae-
omagnetic dating cannot meet the demands on required high-resolution 
paleoclimate reconstruction. Therefore, numeric absolute age dating 
methods (e.g. radiometric dating, including radiocarbon, luminescence, 
cosmogenic nuclides, uranium series, K/Ar, Ar/Ar) are necessary to 
establish reliable and accurate timescales. 

Fig. 12. Fine-grained polymineral and K-feldspar pIRIR ages with different elevated temperatures and comparison with quartz OSL ages. Data sources: Agh Band 
(Frechen et al., 2009); Toshan (Lauer et al., 2017a); KS15-5 (Wang et al., 2019a); XY17, NLT17 and QS16 (Li et al., 2020b); KS15 (Li et al., 2018a); LJW10 (Li et al., 
2015a); ZD17(Yang et al., 2020a). 
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Fig. 13. Quartz OSL ages compared with K-feldspar pIRIR ages of Central Asia loess sections.Data sources: Hoalin (Wang et al., 2018); Dushanbe (Tian et al., 2021); 
Kirpchny (Yang et al., 2020b); Rudak (Zhang et al., 2020); SGX (Sun et al., 2020); XE (Li et al., 2016b); TC (Li et al., 2019c); XEB (Kang et al., 2020); ZS (Kang et al., 
2020); BSK (Youn et al., 2014); TLD16 (Wang et al., 2019a); NLK (Song et al., 2015; Yang et al., 2014); QS16 and NLT17 (Li et al., 2020b); BYH10 (Li et al., 2016a); 
LJW10 (Li et al., 2015a). 
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4.2. Luminescence dating for Middle-Late Quaternary Central Asian loess 

Luminescence dating determines the time elapsed since sediments 
were last exposed to sunlight and then buried in the natural environ-
ment. Luminescence dating methods include TL, IRSL and OSL. Related 
specific methods and their applications are not referred to in this paper, 
due to space constraints. Quartz and feldspar are the most used dosim-
eters in luminescence dating. The quartz signal (~200 Gy) saturates 
earlier than the feldspar signal (~2000 Gy), and theoretically, feldspars 
can date older samples up to 1 Ma (Buylaert et al., 2012), while quartz 
luminescence age is usually up to 100 ka (Lai, 2010). 

TL and IRSL dating techniques have been widely applied to date 
Central Asian loess during the 1980s (Dodonov and Baiguzina, 1995; 
Frechen and Dodonov, 1998; Zhou et al., 1995). With fine-silt sized 
(4–11 μm) polymineral grains (FPM), the partial-bleaching TL technique 
yielded expected ages up to 350 ka, whereas the total-bleaching method 
usually yielded ages in the range of 100 to 800 ka like in Alaska and New 
Zealand loesses (Berger et al., 1992). Although the TL or IRSL ages 
showed a downward age trend with increasing depth (Fig. 11), the ages 
of the lowermost loess sections were much younger than the expected 
ages based on stratigraphic corrections and paleomagnetism. The bot-
tom of the 120 m Darai Kalon section in the Tajikistan was dated to 
300–450 ka, based on FPM TL and IRSL methods (Frechen and Dodonov, 
1998) (Fig. 11a), whereas the maximum FPM IRSL age at the bottom of 
the Remizokvka section at 47 m depth from Kazakhstan was only 87 ka 
(Fig. 11b) (Machalett et al., 2006). The TL age between PC 9 and PC10 in 
the Orkutsay loess section from Uzbekistan, where the B/M boundary 
was about 0.78 Ma, was only 0.108 Ma (Fig. 11c) (Zhou et al., 1995). 
Due to the instabilities and difficulties with faded TL signals, Zhou et al. 
(1995) concluded that the FPM TL method is not reliable for CA loess 
dating. Significant age underestimates results from conventional FPM 
IRSL dating were also reported for loess sediments, which are older than 
60 ka at the Agh Band section (Fig. 11d) in northern Iran, although FPM 
IRSL ages of loess increased with depth in the Neka section (Fig. 11e) 
and the Now Deh section (Fig. 11f) (Frechen et al., 2009). Fading cor-
rections of IRSL signals should be mandatory to avoid the age 
underestimation. 

Signal resetting prior to deposition is an important factor for the 
accuracy of luminescence dating. Although anomalous fading of the K- 
feldspar IRSL signal has precluded the reliability of this dating method, 
IRSL dating has several advantages over quartz OSL dating, for example 
a much greater signal and a wider dating range. Due to the absence of a 
sufficiently high preheat treatment, thermally unstable components 
contribute to the conventional fine-grained polymineral IRSL signals, 
leading to the significant age underestimation. Anomalous fading of 
feldspar in IRSL procedures can result in underestimation of the true age; 
consequently, it is essential to undertake fading experiments to correct 
the measured IRSL age estimates. To obtain lower fading rates and 
overcome anomalous fading problems, two new protocols have been 
developed: two-step post-IR IRSL (pIRIR) and multi-elevated- 
temperature post-IR IRSL (MET-pIRIR). The two-step pIRIR protocol 
(e.g. pIR50IR225 or pIR50IR290) utilizes an elevated temperature (e.g. 
225 ◦C or 290 ◦C) IR stimulation following depletion of the signal of the 
low temperature IR stimulation at 50 ◦C (Thomsen et al., 2008) (Thiel 
et al., 2011). MET-pIRIR measurements can obtain a series of MET-pIRIR 
signals with increasing stimulation temperatures from 50 to 290 ◦C, thus 
yielding their corresponding dose values and ages (Li and Li, 2011). 
Stimulation at elevated temperatures significantly reduces the apparent 
fading rate and can produce a more stable signal compared with the 
conventional IRSL measured at 50 ◦C, which can effectively overcome 
the abnormal fading problem in the traditional IRSL dating process 
(Fitzsimmons et al., 2018). The MET-pIRIR protocol can provide reliable 
ages for the aeolian loess in the CLP up to ~300 ka (Li and Li, 2012) and 
has the potential to date samples up to ~700–800 ka in the Nihewan 
Basin, North China (Rui et al., 2020). 

Recently, the KF pIRIR method was introduced for dating loess 

sediments in the Tianshan Mountains (Fig. 12). The two-step pIRIR 
protocol was successfully applied to the fine-grained (4–11 μm) poly-
minerals (FPM) fraction in the Toshan (Fig. 12a) and Agh Band 
(Fig. 12b) loess sections from northern Iran, and a chronostratigraphic 
framework since the last interglaciation has been established (Lauer 
et al., 2017a; Lauer et al., 2017b). Several sedimentary hiatuses of about 
10 ka were identified by this method in the Agh Band section(Lauer 
et al., 2017b) (Fig. 12b). Li et al. (2015a) first reported that the K- 
feldspar pIRIR signal at a 170 ◦C stimulation temperature with a 200 ◦C 
preheat (pIR50IR170) can be used for both coarse-grained and medium- 
grained feldspar dose determinations in the LJW10 loess sections 
(Fig. 12c). Coarse- and medium-grained feldspar pIRIR ages are equiv-
alent, and are also consistent with coarse quartz OSL ages, but are 
slightly older than MKF IRSL determined ages. Subsequently, the two 
step-pIRIR protocols was used for dating loess from the Ili Basin (Li et al., 
2018a; Li et al., 2016a; Li et al., 2020b; Wang et al., 2019a); e.g. NLT 
(Fig. 12d), KS15-5 (Fig. 12e), KS15 (Fig. 12f) and at pIR50IR290, and 
KS15 (Fig. 12f), XY17(Fig. 12g), ZD17 (Fig. 12 h) and QS16 (Fig. 12i) at 
pIR200IR290. Comparison between the pIR200IR290 and pIR50IR290 ages in 
the KS15 section from the Ili Basin indicated equivalent ages, although it 
appears that pIR200IR290 ages are slightly older than pIR50IR290 ages 
(Fig. 12e). The CKF pIRIR ages are consistent with CQ OSL ages, within 
the acceptable uncertainty range, in the NLT17 section (Fig. 12h) from 
the Ili Basin (Li et al., 2020b). A MET-pIRIR dating using low tempera-
tures (i.e., 110, 140, and 170 ◦C) was introduced to determine the De 
values for the K-feldspar grains to date two Holocene loess sections in 
the northern piedmont of Tianshan Mountains(Zhao et al., 2015). The 
ages in both sections are in good stratigraphic order, and ae consistent 
with their quartz OSL SAR ages. The above results indicate that both 
pIRIR and OSL dating methods can obtain reliable ages within the most 
recent glacial period, and are supported by proxies and paleoclimate 
reconstruction (Li et al., 2018a; Li et al., 2020b; Wang et al., 2019a). The 
CKF pIRIR dating method is suitable up to 320 ka in the QS16 loess 
section (Fig. 12i) from the northern slopes of the Tianshan Mountains (Li 
et al., 2020b) and even to 347 ka in the ZD17 section (Fig. 12h) in the Ili 
Basin. Because no obvious paleosol layer was observed in the field, they 
assumed that the stratigraphy between depths from 34 m to 41 m is 
equivalent to S3 (about 300–340 ka) in the Chinese Loess Plateau on the 
base of pIRIR ages; however, the stratigraphy around 40 m depth of the 
adjacent Dongwan (DW) loess section (Fang et al., 2002b) (Fig. 10) in 
the same loess ridge is similar to S5 (about 500–580 ka) based on 
paleomagnetic age, which is much older than that of QS16 section. We 
wonder if the pIRIR ages of the QS16 section were underestimated. 
Relative to conventional IRSL, and pIRIR methods have extended the 
age-limitation; however, more work is required to improve the reli-
ability for older samples beyond the last glacial–interglacial period. 

Since 2000, OSL dating has been widely applied to determine the 
chronology of late Quaternary loess. Many researchers have used quartz 
of different grain sizes for OSL dating in CA, including fine -grained 
(4–11 μm) quartz (FQ) (Feng et al., 2011; Kang et al., 2020; Kang et al., 
2015b; Lu et al., 2016; Song et al., 2012; Wang et al., 2018), medium 
-grained (38–63 μm) quartz (MQ) (Duan et al., 2020; E et al., 2012; Li 
et al., 2016b; Li et al., 2019c; Song et al., 2015; Yang et al., 2020b), and 
coarse -grained (63–90–250 μm) quartz (CQ) (Li et al., 2015a; Tian et al., 
2021; Wang et al., 2019b; Yang et al., 2014; Youn et al., 2014). 
Generally, the quartz OSL ages indicate a downward age trend with 
increasing depth, up to 80 ka (Fig. 13a–i). The CQ OSL ages are slightly 
younger than the FQ OSL ages of the BSK loess section (Fig. 13j) in the 
Chu River Basin (Youn et al., 2014)and the TLD16 loess section 
(Fig. 13k) in the Ili Basin (Wang et al., 2019a). The CQ OSL ages are also 
younger than the MQ OSL ages of the NLK loess section (Fig. 13l) in the 
Ili Basin (Song et al., 2015; Yang et al., 2014). Furthermore, when 
samples are older than 40 ka, the CQ OSL ages appear out of order and 
even reversed: e.g. BSK, NLK, QS16 (Fig. 13m), and BYH10 (Fig. 13n). 
Youn et al. (2014) argued that the OSL ages of fine and coarse quartz 
fractions in the Bishkek (BSK) loess section are consistent with each 
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other within 2σ error (Youn et al., 2014), although differences are 
observed (Fig. 13j). These discrepancies were probably caused by the 
high over-dispersion of the coarse-grained quartz and an early satura-
tion of the quartz OSL signal (Li et al., 2020b). Therefore, more inves-
tigation is needed to verify which grain size of quartz is most reliable for 
OSL dating of CA loess. 

It is worth noting that the CQ OSL ages are generally consistent with 
the coarse-grained K-feldspar (CKF) pIRIR ages, when the samples are 
less than 40 ka, e.g. QS16 (Fig. 13m), BYH10 (Fig. 13n) (Li et al., 2016a), 
NLT17 (Fig. 13o) (Li et al., 2020b). Low OSL signal intensities of the 
coarse-grained quartz or incomplete bleaching might result in a high 
over-dispersion dose distribution and even age reversals, but the exact 
reason for this underestimation is still unclear and needs further study. 
Therefore, Li et al. (2016a) suggested that coarse quartz OSL ages less 
than 40 ka and K-feldspar pIRIR ages up to 150 ka are reliable for loess 
samples (Li et al., 2016a; Li et al., 2020b). The fine-grained quartz OSL 
dating of well-bleached loess sediments can produce reliable ages up to 
60–80 ka, e.g. the TC and BSK sections (Fig. 13). 

4.3. Radiocarbon dating of the last glacial and Holocene Central Asian 
loess 

Radiocarbon dating methods are widely used for determining the age 
of various types of carbon-containing materials, with an upper age limit 
of about 50–60 ka. Charcoal is an ideal material for determining reliable 
radiocarbon age. Although there are some microcharcoals found in 
Central Asian loess (Miao et al., 2020; Wu et al., 2020), their abundance 
is not usually sufficient for radiocarbon dating, which greatly restricts 
application of the AMS 14C dating method for CA loess. Widespread 
terrestrial snails, mainly Cathaica rossimontana and Wlirus spp, in Central 
Asian loess sediments (Zong et al., 2020) provide an alternative material 
for radiocarbon dating. Radiocarbon ages are usually based on total 
organic carbon (TOC)/soil organic matter (SOM) of bulk sediments (Han 
et al., 2019; Shu et al., 2018; Song et al., 2015; Song et al., 2012; Song 
et al., 2018b), or snail shells (Duan et al., 2020; Feng et al., 2011) 
(Fig. 14). The oldest radiocarbon age previously reported based on snail 
shells was about 46 ka, (Feng et al., 2011), and most AMS 14C ages of 
TOC in loess sediments from CA are younger than 40 ka. Snail shell 

Fig. 14. Comparison between radiocarbon and luminescence ages of loess sections in Central Asia. 
Data sources: ZSB (Song et al., 2012; Song et al., 2018a); NLK (Song et al., 2015; Yang et al., 2014); XEBLK (Cheng et al., 2020b; Li et al., 2016b); TLD (Kang et al., 
2015b; Zong et al., 2020); SCZ17 (Duan et al., 2020); Remizovoka (Fitzsimmons et al., 2018; Machalett et al., 2006); Romantic and Tramplin (Feng et al., 2011); 
Mailbulak (Fitzsimmons et al., 2018); YC (Han et al., 2019); KRY (Shu et al., 2018). 
Minerals: Q: quartz; KF- potassium feldspar; PM: polyminerals. 
Grain size: F: fine-grained (4-11 μm); M: medium-grained (38-63 μm); C: coarse-grained (63–90–250 μm). 
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radiocarbon ages are older than TOC or bulk sediments ages determined 
in SCZ17, and from the Romantic section; except for the ZKT section, the 
snail AMS 14C are equivalent to OSL ages within the acceptable error 
ranges. 

Comparison between AMS 14C and OSL ages in the Ili Basin (Fig. 14) 
has shown that both quartz OSL and AMS 14C ages of TOC/SOM are 
generally consistent with the stratigraphic sequence when the sample 
ages are younger than 25 ka, which means that both procedures can be 
used to establish a reliable chronology in the Ili Basin. However, the 
AMS14C ages beyond 30 ka are complicated and irregular, and are often 
younger than the OSL ages (Fig. 14) (Song et al., 2015; Song et al., 2012; 
Song et al., 2018a; Zhang et al., 2020). Such discrepancy between OSL 
and radiocarbon ages of loess samples was also reported in BL and 
SCZ17 loess sections from the northern slopes of the Tianshan Moun-
tains (Duan et al., 2020) and the Bishkek loess section in the western 
Tianshan Mountains (Youn et al., 2014). The underestimation of 
radiocarbon ages may be attributed to carbon contamination induced by 
organic matter from secondary pedogenic carbonate, chemical alterna-
tion, translocation of soluble organic matter and/or bioturbation (E 
et al., 2012; Song et al., 2015; Song et al., 2012; Song et al., 2018a). 
However, the differences between radiocarbon and OSL ages of loess 
sections from the northern slopes of the western Tianshan Mountains (e. 
g. Remizovka, Romantic, Tramplin sections) (Feng et al., 2011) (Fitz-
simmons et al., 2018; Machalett et al., 2006), and the YC section (Han 
et al., 2019) in the south margin of the Tarim Basin, are not obvious. 
Dating results of some sections indicate that the radiocarbon ages do not 
show increments (e.g. ZSB, NLK, Romantic, and KRY), or even reverse 
(e.g. BL KRY) with increasing depths (Fig. 14). 

There is no consensus on the reliability and precision of the various 
dating methods for CA loesses. For example, although many researchers 
have investigated the Zeketai (ZKT) loess (Fig. 15), which was consid-
ered in the 1980s as important loess sediment in Xinjiang, similar to the 
Luochuan loess section in the CLP, the ages are still under debate. From 
the consideration of models based on the ages of bulk sediment, charcoal 
and snails, Feng et al. (2011) argued that the luminescence dating 
method was not reliable, due to the loess TL and OSL clocks in the ZKT 

section were incompletely zeroed or bleached when loess deposition 
originated primarily from local riverbeds. Consequently, the quartz OSL 
ages were overestimated, and hence the radiocarbon ages were more 
reliable. However, E et al. (2012) compared the MQ OSL dating results 
of the Zeketai section with those of the previous FQ OSL dating (Feng 
et al., 2011) and found good consistency between them (Fig. 15), thus 
concluding that the OSL dating procedure was reliable. A recent parallel 
study of OSL and pIRIR on different quartz grains and polyminerals 
indicated that the FQ OSL ages were in stratigraphic order and ranged 
from 37 ka to 61 ka, but were ~30% younger than the FPM and MPM 
MET pIRIR ages (Qin and Zhou, 2018) (Fig. 15). The authors argued that 
the quartz OSL ages of this loess section were likely to be under-
estimated, especially for samples older than 40 ka, and they recom-
mended in applying the polyminerals, or K-feldspar pIRIR signals for 
dating loess in the Ili Basin. 

In summary, AMS 14C of loess sediments can obtained reliable age up 
to 25 ka, caution should be exercised for AMS 14C ages older than 25 ka. 
OSL dating of quartz with different particle sizes provides accurate dates 
of loess deposits, especially since MIS3, although the upper limit of 
quartz OSL dating is not uniform. K-feldspar pIRIR and two steps-pIRIR 
dating methods have a wide range of potential dating up to 250 ka in 
arid Central Asia, although the procedure may overestimate the age of 
younger sediments. However, the complicated topography, proximal 
loess deposition and local climate condition differentiation, as well as 
other factors, such as dating material availability, carbon contamina-
tion, the reliability of luminescence signals, in -situ depositional pro-
cesses and the complexity of remanence acquisition, may have 
significant impacts on the inferred chronology in CA loess. Therefore, 
caution is still essential for paleoclimate and paleoenvironmental 
reconstruction when using any single chronological model, and there-
fore additional studies are required to achieve a comprehensive, reliable 
geochronological sequence. Relative dating approaches, such as amino 
acid geochronology (Machalett et al., 2008) and relative paleomagnetic 
intensity (RPI) (Li et al., 2020a), offer an independent assessment of 
numerical age estimates, when results are at or near their methodolog-
ical limits, and can assist in the chronostratigraphic evaluation of loess 
units beyond the range of useful numerical dating methods. 

4.4. Spatial-temporal distributions of Central Asian loess ages and their 
implications for dust sedimentation 

Although there is some debate and inconsistency regarding the 
reliability of CA loess ages, we have found that the dust sedimentary 
processes differ to some extent from those in the CLP. There are three 
obvious characteristics, as follows. 1) Rapid accumulations: both OSL 
and AMS 14C dating of several sections indicates that ages are clustered 
or even inverse at some depths, implying extremely high sedimentation 
rates(Li et al., 2020b; Li et al., 2016b; Sun et al., 2020). 2) Discontinuity 
or sedimentary hiatus. These non-conformities are often hard to detect 
by untrained observers, but obvious age gaps can be observed in age 
statistics (Fig. 16) and depth-age plots, e.g. the Agh Band section, Now 
Deh section (Frechen et al., 2009), Kalat-e Naderi section(Karimi et al., 
2011) in the Caspian Lowland of northern Iran, and the Rudak loess 
section in Uzbekistan (Zhang et al., 2020). 3) The upper Holocene sed-
iments, especially in Subregion I (Fig. 16), are frequently omitted, based 
on statistics of age results (See Supplementary Table 2). Their absence 
may be caused by an arid climate and wind/fluvial erosion. 

Frequency distributions of luminescence ages have been used to 
evaluate dust accumulation/activity intensity (Kang et al., 2015a; Ling 
et al., 2020; Singhvi et al., 2001; Yu and Lai, 2012) under the same 
exposure conditions with regular sampling intervals. To extract dust 
accumulation from the array of luminescence ages, we collected all 
luminescence ages of loess samples from CA (Fig. 16), regardless to 
dating materials and methods, accuracies and sampling intervals. Fre-
quency statistics were based on 1281 luminescence ages (See Supple-
mentary Table 3) at 1 kyr, 2 kyr, 5 kyr intervals for the periods of 0–80 

Fig. 15. Dating ages of the Zeketai loess section based on different dating 
techniques. 
Data from the references (E et al., 2012; Feng et al., 2011; Qin and Zhou, 2018). 
MP: medium-grained polymineral; FP: fine-grained polymineral; FQ: fine- 
grained quartz; TT corrected: the pIRIR225 ages with the correction of the 
thermal transferred (TT) -pIRIR225 signal. 
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Fig. 16. Spatial and temporal distribution of loess luminescence ages in Central Asia.  
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ka, 80–130 ka and 130–300 ka, respectively. The total luminescence age 
frequency distribution curve (Fig. 16a) indicates two obvious peaks 
during the cold MIS6 and MIS4 periods, although the trend of ages 
frequencies increases quickly since the last glacial period, which may be 
due to the sampling strategy and/or the section thicknesses. Because the 
reliability of luminescence ages beyond 80 ka still requires further 
assessment, we have focused on the ages since the last glacial period. 
Obviously different patterns are observed in the three subregions 
(Fig. 16b–d). The age frequency curve reveals three clusters in western 
CA (Fig. 16b) during the last glacial period, and two clusters in eastern 
CA during the Holocene (Fig. 16d), while there are no obvious peaks in 
northern CA (Fig. 16d). In order to exclude the possible effects of sam-
pling densities, we detrended the age frequencies, and compared them 
with NGRIP temperature and dust concentrations (Fig. 17). It was found 
that the intervals with higher age frequencies roughly correspond to 
high NGRIP dust concentrations during cold glacial periods, especially 
for the last maximum glacial (MIS2), but there was no obvious rela-
tionship during interglacials. This suggest that the cold glacial periods 

are liable to promote dust activities. These spatial and temporal differ-
ences imply varying dust activities at glacial-interglacial orbital 
timescale. 

To explore the dust activities/events, these luminescence ages were 
plotted using a probability density function (PDF). An age cluster in a 
PDF plot can be interpreted either as a higher and accidental sampling 
density of sediments belonging to a specific interval and/or as a 
reflection of enhanced dust accumulation/activities(Kang et al., 2015a; 
Singhvi et al., 2001; Yu and Lai, 2012). Several similar age clusters 
around 12 ka, 22–28 ka, 35–36 ka, 66 ka were observed in the three 
subregions (Fig. 18), which may suggest that strong dust activities on a 
millennial-scale are synchronous in Central Asia. However, the proba-
bility densities of several events are not similar, where some local dust 
events need to be considered. These disparities imply different strengths 
of controlling factors and the effects of regional conditions, e.g. climate, 
landform and vegetation may occur. Ideally, the PDF plots based on the 
same dating methods and regular sampling intervals should be more 
significant for paleoclimate interpretation. 

5. Conclusions 

This paper presents a systematic investigation of the distribution, 
thickness, ages, and continuity of loess or loess-like sediments in CA and 
their implications. Loess sediments are mainly distributed on the 
windward piedmonts of Central Asian high mountains and river ter-
races, and present distinct pedogenic characteristics. Taking into 
consideration the disparities of loess-paleosol composition, climate dif-
ferences and topographic effects, we divided the loess distribution in CA 
into three subregions, namely Western CA (Subregion I), Northern CA 
(Subregion II), and Eastern CA (Subregion III). The subregions were 
roughly consistent with the 60% and 30% winter-half year’s precipita-
tion percentage contours, and also corresponded to three loess depo-
centers with thicknesses greater than 200 m. Subregion I was 
characterized by obvious loess-paleosol couplets, which was analogous 
to those of the CLP. Subregion II had uncertain pedogenesis depending 
on the altitude or precipitation; Subregion III had no obvious pedo-
genesis sandy loess. 

Previous chronostratigraphic data of CA loess and our field in-
vestigations indicated that most of loess outcrops have developed since 

Fig. 18. Probability density functions (PDFs) of loess sediment ages in different regions of Central Asia.  

Fig. 17. Comparison between detrended fluctuation of age frequencies in 
Central Asia with NGRIP temperature (Karimi et al., 2011) and dust concen-
trations (Steffensen, 1997). 
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the last interglacial-glacial period, although CA loess sediments can span 
the entire Quaternary period, and even can extend to the Pliocene pe-
riods. AMS 14C can provide reliable ages for the last 25–30 kyr. Both 
Quartz OSL and K-feldspar pIRIR dating techniques based on well- 
bleached natural environmental materials can provide reliable ages for 
younger samples, less than 80–100 ka. Dating of deposits at elevated 
locations shows that CA loess deposits at some locations are rapid and 
discontinuous, which requires caution in the interpretation of proxies 
and paleoenvironment. Spatial-temporal distributions of CA loess 
luminescence ages indicated that there are different clusters in different 
loess subregions, but generally, the strong dust activities occurred dur-
ing cold glacial periods or stadials. New dating techniques should be 
developed in future research to meet the high-resolution paleoclimate 
reconstruction in CA and around the world. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.palaeo.2021.110279. 
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