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Abstract

Aeolian dust deposits from continent and ocean have been extensively investigated to reflect
past changes in source aridity and atmospheric circulations. Aeolian flux (AF) as a quantitative
dust proxy has been widely used in both palaeoenvironmental reconstruction and numerical
simulation. However, available AF data on the Chinese Loess Plateau (CLP) is too limited
to assess the temporal–spatial variations at glacial–interglacial timescales, and therefore cannot
be used as robust input parameters in palaeoclimate models. Here we investigate eight loess
profiles along twoN–S-aligned transects on the CLP to quantitatively estimate the AF variations
over the last glacial–interglacial cycle. We first establish a refined chronological framework
based on optically stimulated luminescence chronology and pedostratigraphic correlation.
AFwas then estimated bymultiplying the sedimentation rate and bulk density. The results show
that the AF increases from 2–18 g cm−2 ka−1 in the southeastern CLP to 14–105 g cm−2 ka−1

in the northwestern CLP. At glacial–interglacial scales, the AF varies from 2–20 g cm−2 ka−1

during the last interglacial to 8–105 g cm−2 ka−1 in the last glaciation. Due tomore spatial cover-
age and better age constraints, our AF data can be used to refine other AF datasets and to
improve the proxy–model comparison.

1. Introduction

In recent decades, aeolian dust deposits have been widely investigated from Chinese loess-red
clay sequences (e.g. An et al. 1991a, 2001; Kohfeld &Harrison, 2003; Sun &An, 2005; Kang et al.
2013, 2015), Pacific pelagic sediments (e.g. Pye & Zhou, 1989; Rea, 1994; Rea et al. 1998;
Winckler et al. 2008; Zhang et al. 2016, 2018b; Jacobel et al. 2017) and Greenland ice cores
(e.g. Yung et al. 1996; EPICA Community Members, 2004) to reflect changes in the Asian dust
cycle and the monsoon–arid environmental system. As a quantitative proxy of the dust input,
aeolian flux (AF) has been employed to infer the drying history in Asian inland (e.g. An et al.
1991a; Rea et al. 1998; Kohfeld &Harrison, 2001, 2003; Sun &An, 2005; Kang et al. 2015; Zhang
et al. 2016) and to improve the understanding of Asian dust cycling from regional to hemi-
spheric scales (Pye & Zhou, 1989; Kohfeld & Harrison, 2001, 2003; Nilson & Lehmkuhl,
2001; Shi & Liu, 2011; Muhs, 2013).

Previous AF reconstructions on the Chinese Loess Plateau (CLP) indicate that the Asian
interior has experienced stepwise aridification and increased dry–humid fluctuations since
the late Oligocene Epoch (Guo et al. 2002; Sun & An, 2002), linked to the growth of Tibet
and global cooling (An et al. 2001; Zachos et al. 2001). At glacial–interglacial (105 years) time-
scales, the AFs were generally higher during glacial than interglacial periods because of the
strong coupling of the source aridity and East Asian winter monsoon (EAWM) intensity with
Northern Hemisphere ice-volume changes (e.g. An et al. 1991a; Sun & An, 2005). Spatially,
Kohfeld & Harrison (2003) summarized that the AFs were relatively high in the NW CLP
and decreased SE-wards over the CLP. More recently, due to the development of sensitivity-
corrected optically stimulated luminescence (OSL) dating techniques for quartz, sub-orbital
AF variation was detected to infer the link between the EAWM intensity and the mean position
of the westerly jet (Kang et al. 2015).

Although previous studies have achieved the framework of AF fluctuations at tectonic and
glacial–interglacial timescales (Guo et al. 2002; Sun & An, 2002, 2005; An et al. 2014), these AF
data were seldom employed as input parameters to assess past dust–climate interactions in
numerical simulation experiments (Harrison et al. 2001; Shi & Liu, 2011). One plausible reason
is that available AF data are only from several classic profiles, limiting our understanding of the
temporal–spatial dust flux variability. The low spatial coverage could not exclude the local out-
liers due to the different geomorphological setting (Kohfeld &Harrison, 2003). The other reason

https://doi.org/10.1017/S0016756819001067 Published online by Cambridge University Press

https://www.cambridge.org/geo
https://doi.org/10.1017/S0016756819001067
https://doi.org/10.1017/S0016756819001067
mailto:sunyb@ieecas.cn
https://orcid.org/0000-0001-6936-4046
https://doi.org/10.1017/S0016756819001067


is that many factors can limit AF reconstruction, including an
inconsistent age model, a lack of quality bulk density and
neglecting grain size data (Kohfeld & Harrison, 2003). For
example, the AF uncertainty induced by different age models
can be as large as 192%, and the lack of bulk density results
in an AF error of ±15% (Kohfeld & Harrison, 2003; Sun &
An, 2005). Furthermore, grain size data is crucial for assessing
different transportation processes of coarse- and fine-grained
particles. In particular, particle matter with a diameter finer
than 10 μm (PM10) is more important than the total suspended
particles due to its long-range transportation (Pye & Krinsley,
1986; Prospero et al. 2002).

In this study, we investigate eight loess–palaeosol sequences
along two N–S-aligned transects on the CLP to provide better
constraints on a reconstruction of AF. We first generate a
uniform age model based on OSL dating and pedostratigraphic
correlation, so that chronology uncertainty can be eliminated
across different profiles. The measured bulk density and grain-
size data are then employed to estimate the AF of bulk samples
and fine fraction. The estimated AF data can provide a robust
evaluation of the temporal–spatial changes in the dust input
under different interglacial–glacial boundary conditions. Finally,
the PM10 AF was estimated from eight loess–palaeosol sequences,
which can be used as quantitative dust input factors to improve
the model capacity and evaluate the dust impact on past climate
change.

2. Materials and methods

2.a. Setting and sampling

The CLP is a unique terrestrial place for aeolian dust studies due
to the widespread and thick loess–palaeosol–red-clay sequences
(Harrison et al. 2001; Kohfeld & Harrison, 2001; Derbyshire
et al. 2003; Maher et al. 2010; Shao et al. 2011; Muhs, 2013; An
et al. 2014). Proximal to the major Asian dust sources (Liu,
1985; Prospero, 2002; Engelbrecht & Derbyshire, 2010; Shi &
Liu, 2011; An et al. 2014), the CLP became a predominant sink
of Asian dust from 25Ma to the present (Guo et al. 2002; Qiang
et al. 2011). The EAWMand the westerlies played a key role in dust
emission from the Asian inland and deposition on the CLP (Liu,
1985; An et al. 1991a; Porter & An, 1995; Peng et al. 2005; Shi &
Liu, 2011). Meanwhile, the East Asian summermonsoon (EASM) -
induced rainfall resulted in varying pedogenic alterations in
the loess–palaeosol sequences (Kukla, 1987; An et al. 1991b).
Furthermore, the EAWM and EASM are mainly controlled by
the Northern Hemisphere ice sheets and hydroclimate on an
orbital timescale (An et al. 2015; Sun et al. 2019). Chinese loess–
palaeosol alternations therefore contain the imprints of changing
high-latitude ice sheets and low-latitude hydroclimate (An et al.
2015; Sun et al. 2019).

Here, eight loess profiles are investigated along two N–S-aligned
transects on the central CLP (Fig. 1). Fromnorth to south, thewestern
transect consists of Guojiapan (GJP, 37.11° N, 107.39° E, 1782m
above sea level (asl); Ma et al. 2017), Beiguoyuan (BGY, 36.66° N,
17.29° E, 1506 m asl; Ma et al. 2017), Xifeng (XF, 35.76° N,
107.78° E, 1250 m asl; Sun et al. 2006a) and Lingtai (LT,
34.98° N, 107.55° E, 1350 m asl; Sun et al. 2006a), and the eastern
transect contains Yanchang (YC, 36.62° N, 109.94° E, 1107 m asl;
Ma et al. 2017), Luochuan (LC, 35.73° N, 109.43° E, 1094 m asl; Ma
et al. 2017), Tongchuan (TC, 34.97° N, 108.96° E, 797 m asl;
Ma et al. 2017), and Bailu (BL, 34.20° N, 109.19° E, 730 m asl;

Ma et al. 2017). As established by Kukla (1987), the loess and palae-
osol units are referred to as Li and Si, where i is the index from top
to bottom. A postfix LLj/SSj will be appended to Li/Si to denote the
sublayer, where j is the index of current loess/palaeosol layer. All
profiles contain the upper part of the penultimate glaciation (L2),
last interglacial loess (S1), last glacial loess (L1) and the Holocene
loess (S0), except for the Yanchang section that does not have the S0
unit. Within the L1 unit, one moderately weathered palaeosol layer
(L1SS1) has developed; in some profiles (e.g. Weinan (WN) and
Xifeng) L1SS1 can be defined as two palaeosol layers interpolated
by a thin loess layer (Kukla & An, 1989; Guo et al. 1996). Based
on previous studies (Ding et al. 2002), S0, L1LL1, L1SS1, L1LL2
and S1 can be roughly correlated with marine isotope stages
(MIS) 1–5. The thickness of these profiles decreases from 44.6 m
at Guojiapan to 9.5 m at Bailu, mainly due to the varying sedimen-
tation rate of the last glacial loess. Powder samples of Lingtai and
Xifeng at 10 cm interval were obtained from previous work (Sun
et al. 2006a). In this study, we collected powder samples at 2 cm
intervals from Guojiapan, Beiguoyuan and Bailu, at 5 cm intervals
from Yanchang and Tongchuan, and at 10 cm intervals from
Luochuan.

2.b. Measurements of magnetic susceptibility, grain size and
bulk density

Magnetic susceptibility (MS) of dry powder samples wasmeasured
using a Bartington MS2 meter. The grain size of bulk samples was
determined using a Malvern 2000 laser instrument, after removal
of the organic matter and carbonate (Lu & An, 1997). Bulk density
was estimated by the oil-soaked method (Sun et al. 2000). All the
powder samples were involved in the measurements of MS and
grain size, but the bulk density data are relatively sparse at
c. 15–20 cm intervals. All these measurements were conducted
at the Institute of Earth Environment, Chinese Academy of
Sciences. Note that MS (10−8 m3 kg−1), mean grain size (MGS,
μm) and AF (g cm−2 ka−1) data for Xifeng and Lingtai were pub-
lished by Sun & An (2005), and MS (10−8 m3 kg−1) and MGS (μm)
for Guojiapan, Beiguoyuan, Yanchang, Tongchuan and Bailu dur-
ing the last interglacial were published by Ma et al. (2017).

Fig. 1. Locationmap. Orange areas show the distribution of Chinese loess; the largest
area in the middle region is the Chinese Loess Plateau. Red dots indicate the eight
profiles in this study. Light blue dots indicate the profiles with OSL dates. Dark blue
squares represents the profiles Luochuan (LC; Lu et al. 2007) and Weinan (WN; Kang
et al. 2011, 2013) with high-resolution OSL ages, which were used to establish chro-
nologies. ISM – Indian summer monsoon; EASM – East Asian summer monsoon;
EAWM – East Asian winter monsoon; WJ – westerly jet.
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2.c. Chronology and AF calculation

The OSL dating can generate a high-resolution age model for
several classic loess profiles such as Luochuan (Lu et al. 2007),
Yuanbao (Lai et al. 2007; Rao et al. 2013), Jingyuan (Sun et al.
2010) and Gulang (Sun et al. 2012). Although some studies have
detected the depositional hiatus at the edge of the CLP (e.g. Lu
et al. 2006; Stevens et al. 2018; Wu et al. 2019), the continuity of
its main body is widely approved (Lu et al. 2007; Lai et al. 2007;
Sun et al. 2010, 2012; Rao et al. 2013; Zhang et al. 2018a). Many
high-resolution OSL studies have proven that an age model based
on pedostratigraphy, magnetic susceptibility or grain size could be
significantly different from the independent OSL-based age model
(Stevens et al. 2006, 2007, 2008, 2018; Lai & Wintle, 2006; Lu
et al. 2006; Sun et al. 2010; Xu et al. 2018). A uniform basis of divi-
sion, magnetic susceptibility and/or mean grain size, was applied to
these profiles to ensure the synchronicity of boundaries. In order to
establish the chronology of the profiles that have no independent
ages, there are three criteria for selecting the independent OSL pro-
files by correlation of MS and/or MGS, respectively. First and fore-
most, the record length had to span the last interglacial and be free of
documented sedimentary hiatuses. Second, the records had to be
independently dated. Third, the profilesmust havemagnetic suscep-
tibility and/or mean grain size records. Closely spaced OSL dates of
the Weinan profile offer a robust chronology spanning the last
130 ka (Kang et al. 2011, 2013, 2015), consistent of the OSL chronol-
ogy of the classic Luochuan profile (Lu et al. 2007). Here we combine
the OSL dates and proxy variations of these two profiles to generate
uniform time controls for five key pedostratigraphic boundaries
(e.g. L2/S1, S1/L1, L1LL2/L1SS1, L1SS1/L1LL1, L1/S0).

Considering that the colour of loess-palaeosol may vary little in
some profiles, the boundaries were identified mainly by the remark-
able changes in MGS; MS records were considered as supplementary.
Because the signals of MGS are not as vulnerable as that of MS to the
influence of post-depositional processes (Sun et al. 2006a, b; 2010;
Dong et al. 2015). The ages of these boundaries were determined
by these two OSL age models (Fig. 2). At theWeinan profile, the ages
of five boundaries were estimated to be 11.8, 30.1, 64.1, 79.3 and
127.0 ka (Fig. 2d–f). The ages of five boundaries at Luochuan were
estimated to be 8.6, 29.5, 57.8, 73.5 and 126.5 ka (Fig. 2g, h). Due
to the OSL dating errors, we adopted the average ages of these five
boundaries (i.e. 10.2, 29.8, 61.0, 76.4 and 126.8 ka) as the time controls
for the chronological reconstruction (Fig. 3). The weighted grain-size
age model that assumes that the sedimentation rate is related to the
grain size was applied to refine the chronologies (Porter & An, 1995).
This approach can generate a comparable chronology and a good
match between proxy variations for all profiles.

The AF (g cm−2 ka−1) is estimated by multiplying sedimenta-
tion rate by bulk density. The sedimentation rate (cm ka−1) is cal-
culated as thickness/duration, which is dependent on the
chronology. The bulk density was linearly interpolated due to its
relatively low resolution. Meanwhile, PM10 AF was estimated as
AFPM10= PPM10 × AF, where PPM10 is the proportion of PM10
derived from the grain size distribution data.

3. Results

3.a. Variations in magnetic susceptibility, grain size,
bulk density and sedimentation rate

The magnetic susceptibility and grain size of Chinese loess are
typical proxies of variations in the EASM and EAWM intensities

(An et al. 1990, 1991a,b). Consistent with previous studies, the S0
and S1 units are characterized by higher MS and finer MGS,
while the L1 layers have lower MS and coarser MGS (Fig. 3).
The MS values of the eight profiles vary over the range 27.9–
290.5 × 10−8 m3 kg−1. The highest MS appears in the S1 unit of
Bailu; meanwhile, the L1LL1 layer of Guojiapan holds the lowest
value of MS (Fig. 3). As shown in Table 1, the loess-palaeosol
layers from high MS average to low MS average are S1 (72.0–
250.6 × 10−8 m3 kg−1), S0 (95.6–232.9 × 10−8 m3 kg−1), L1SS1
(38.6–204.4 × 10−8 m3 kg−1), L1LL1 (35.6–146.7 × 10−8 m3 kg−1)
and L1LL2 (34.4–180.1 × 10−8 m3 kg−1). Spatially, the MS values
from SE profiles (e.g. 107.0–290.5 × 10−8 m3 kg−1 at Bailu) are
generally higher than that of NW profiles (e.g. 27.9–116.0 ×
10−8 m3 kg−1 at Guojiapan). Furthermore, for the east transect
the MS ratios of MIS 2/5 decrease from south (e.g. 0.60 at
Bailu) to north (e.g. 0.23 at Yanchang), while for the west tran-
sect, the ratios increase from the middle (e.g. 0.34 at Xifeng) to
the end (e.g. 0.50 at Guojiapan and 0.64 at Lingtai). In addition,
the MS records at Guojiapan and Beiguoyuan (located in the
NW CLP) clearly exhibit three peaks in S1 and correlate well
with the three weak sub-palaeosol layers (S1SS1, S1SS2 and
S1SS3) (Fig. 3).

The MGS of the eight profiles varies from 12.20 to 61.16 μm
since last interglacial. Similar to MS, the minimum and maximum
values of MGS appear in the S1 of Bailu and the L1LL1 of
Guojiapan, respectively. The stage averages of MGS (Table 1) from
low to high are obtained from S1 (11.46–25.36 μm), L1SS1 (14.35–
31.96 μm), S0 (16.02–34.73 μm), L1LL2 (14.64–38.38 μm) and
L1LL1 (17.09–45.92 μm), respectively. For each stage, the MGS
records all display a significantly south–north spatial increase;
however, the MGS ratios of MIS 2/5 display a consistent south–
north increase in both transects. In addition, PPM10 (Fig. 3, purple
curves), as for MGS, has a high negative correlation with MS.

Similar to the MS and MGS variations, the values of bulk den-
sity exhibit significantly glacial–interglacial fluctuations (Fig. 3,
green curves) in Xifeng, Lingtai, Yanchang, Luochuan and
Tongchuan profiles, while this fluctuation is not evident in
Guojiapan and Beiguoyuan profiles. In general, bulk density values
are relatively low in glacial L1LL1 (1.14–1.82 g cm−3) compared
with that in interglacial S1 (1.42–1.87 g cm−3). Spatially, the bulk
density values exhibit a southwards decrease from Guojiapan
(1.18–1.54 g cm−3) to Beiguoyuan (1.29–1.49 g cm−3), Xifeng
(1.51–1.90 g cm−3) and Lingtai (1.53–2.0 g cm−3), and from
Yanchang (1.14–1.66 g cm−3) to Luochuan (1.28–1.59 g cm−3),
Tongchuan (1.27–1.71 g cm−3) and Bailu (1.26–1.87 g cm–3). The
average value of bulk density is about 1.4 ± 0.1 g cm−3 in most
profiles (i.e. Guojiapan, Beiguoyuan, Yanchang, Luochuan and
Tongchuan), which is lower than that for Xifeng (1.65 g cm−3),
Lingtai (1.76 g cm−3) and Bailu (1.51 g cm−3). The bulk density
ranges between loess and palaeosol layers are larger in the profiles
from northern and southern CLP (0.4–0.6 g cm−3) than those in
the central CLP (0.2–0.3 g cm−3).

The sedimentation rate records (Fig. 3, orange curves) also
show obvious orbital variability from the NW CLP to the SE
CLP. For example, at the Guojiapan profile (Fig. 3a, orange curve),
the averages of MIS 1–5 are 25.4, 55.1, 39.6, 49.6 and 14.5 cm ka−1.
In other words, the sedimentation rate records are generally higher
during the glacial/stadial periods. Furthermore, the sedimentation
rate records in the NW CLP (e.g. 10.25–75.58 cm ka−1 at
Guojiapan profile) are much higher than these in the SE CLP
(e.g. 1.25–11.21 cm ka−1 at Bailu profile).
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3.b. AF and AFPM10 fluctuations

In general, AF and AFPM10 exhibit similar glacial–interglacial fluc-
tuations (Fig. 4, orange and purple curves). These two flux records
are higher andmore variable in the last glacial than those in the last
interglacial and Holocene. S1 is characterized by the lowest fluxes
(2–40 g cm−2 ka−1) over the entire CLP, compared with the fluxes
of other stratigraphic layers. As an interstadial of last glacial, MIS 3
generally has lower AFs compared with these of MIS 2 and MIS 4
(Table 1). Unlike MS and MGS, the AF ratio for MIS 2/5 is not
regular enough. There is a distinct decrease in AF from NW to
SE during each stage (Table 1). For example, the average AF at
Guojiapan duringMIS 2 reaches 75.89 g cm−2 ka−1, whereas the value
is 11.15 g cm−2 ka−1 at Bailu. Notably, the averages of Lingtai during
MIS 2 andMIS 5 are higher than that of Xifeng, although Xifeng is to
the north of Lingtai. AFPM10 is generally similar to AF, but has a small

range. AF records vary from 2 to 110 g cm−2 ka−1, whereas the
range of AFPM10 is 0.8–15.6 g cm−2 ka−1.

4. Discussion

4.a. Glacial–interglacial AF fluctuations linked to ice-volume
change

The averages of AF during MIS 1–5 were calculated (Table 1).
Because the ages of MIS 1 are extrapolated by its overall sedimen-
tation rate, the AFs ofMIS 1may be biased. Nevertheless, the result
shows that the AFs are highest during MIS 2 or MIS 4 and are low-
est during MIS 5. The average AFs during MIS 1–5 are 27.9, 47.9,
21.1, 42.3 and 10.6 g cm−2 ka−1 (Kohfeld & Harrison, 2003), com-
parable with the results of this study (Table 1, Fig. 5). It should be
noted that the averages ofMIS 2 andMIS 4 estimated by Kohfeld &

Fig. 2. Comparison of different chronologies: a, July insolation
at 65° N (yellow; Berger, 1978); b, benthic δ18O (blue; Lisiecki &
Raymo, 2005); c, Chinese cave δ18O (green; Cheng et al. 2016);
d, Weinan mean grain size (MGS; orange; Kang et al. 2011,
2013); e, Weinan magnetic susceptibility (MS; pink; Kang et al.
2011, 2013); f, Weinan age–depth model (Kang et al. 2011,
2013); g, Luochuan magnetic susceptibility (MS; purple; Lu
et al. 2007); and h, Luochuan age–depth model (Lu et al. 2007)
since the last interglacial. In f and h, blue dots with black bars
are OSL dates and red curves are the fitting age model. Black
dashed lines show the boundaries of marine isotope stages (MIS).
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Harrison (2003) are usually at a similar level (sometimes the aver-
ages of MIS 2 are even higher) but, for this study, the AFs of MIS 2
are usually slightly lower than those of MIS 4. This difference is
likely caused by the different age models (Lu & Sun, 2000;
Kohfeld & Harrison, 2003; Kang et al. 2011, 2013). For the MS
age model and independent chronologies (i.e. 14C and OSL dates),
the mean AF of MIS 2 is lower than that of MIS 4; for the pedos-
tratigraphy age model, the average of MIS 2 is higher than that of
MIS 4 (Kohfeld & Harrison, 2003). In their compiled dataset, the
profiles with only pedostratigraphy account for half of the total;
this will greatly influence the evaluation and hence generate this
difference. The ratio of MIS 2 to MIS 5, used to evaluate the con-
trast between glacial and interglacial (Kohfeld & Harrison, 2003),
has a range from 1.79 to 4.23. This ratio varies from 0.8 to 22.6 and

has an average value of 5, according to the result of Kohfeld &
Harrison (2003). The ratio summarized by Kohfeld & Harrison
(2003) has a wider range than the result of this study. The differ-
ence is primarily due to landforms and dating methods of profiles,
which make the values more variable (Lu & Sun, 2000; Nilson &
Lehmkuhl, 2001).

The temporal pattern of AFs revealed by this study is similar to
these records (Kohfeld & Harrison, 2003; Sun & An, 2005; Kang
et al. 2015). On orbital timescales, the changes of ice volume in
the Northern Hemisphere has been assumed to be the major drive
of EAWM variations (Ding et al. 1995; Liu & Ding, 1998; Porter,
2001); moreover, the ice volume is primarily controlled by the
Northern Hemisphere summer insolation at 65° N. The link
between variations in high-latitude ice volume and the EAWM

Fig. 3. The proxies and age controls of the eight profiles. The
dark and light grey shading represent the rangesofmarine isotope
stages; the ages of boundaries MIS 1–2, MIS 2–3, MIS 3–4, MIS 4–5
and MIS 5–6 are 10.2, 29.8, 61.0, 76.4 and 126.8 ka, respectively.
GJP – Guojiapan; BGY – Beiguoyuan; XF – Xifeng; LT – Lingtai;
YC – Yanchang; LC – Luochuan; TC – Tongchuan; BL – Bailu.
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has been investigated intensively for a long time. In general, the
mechanisms by which the ice volume drives the EAWM were dis-
cussed from the view of kinetics and thermodynamics (Ding et al.
1995). In detail, the extended ice sheets will reduce the vegetation
cover and hence increase the albedo of the continental surface. As a
result, the air in the Siberian region will be cooled and the Siberian
High, the dominant atmospheric circulation system in the lower
troposphere which controls almost the whole of continental
Asia, will be enhanced. Secondly, the ice sheets can create a south-
wards movement of cold air. This dynamically affects atmospheric
activity centres that cool the air in the middle latitudes and hence
intensify the Siberian High. When the EAWM is strong, it carries
more and coarser dust to the CLP, resulting in the increase of the
AF and MGS in loess records (An et al. 1991a). Finally, the syn-
chronous change of ice volume in the Northern Hemisphere
and the effect of strong local convection in emission source results
in high-amplitude fluctuations in AF on glacial–interglacial scales.

Moreover, the AF is also determined by the proportions of
the dry/wet deposition processes of dust source regions, such as
the coarser particles being more likely to be deposited through
the dry deposition process over the CLP (Shi & Liu, 2011). Both
dry and wet deposition processes contribute to the dust flux on
the CLP according to modern observations (Yan et al. 2017).
Dry and wet deposition processes are mainly controlled by extreme
wind speed and precipitation, respectively. It is generally assumed
that the dry deposition mostly happens during winter and spring,
and the wet deposition mainly occurs during summer. Because the
EAWM is much stronger in winter and spring, the precipitation is
concentrated in summer. However, it is difficult to distinguish and
quantify the contribution of dry and wet deposition from loess. In
theory, the dry/wet deposition ratio depends on the climate back-
ground. The dry/wet deposition ratios are higher during glacial
periods than during interglacial periods. During interglacial peri-
ods, the higher precipitation contributes to more wet deposition
and hence increases the interglacial dust flux; as a result, it will
reduce the contrast between glacial and interglacial AF records.

4.b. Spatial gradients of the AF variation controlled by
monsoon intensity

Although the spatial resolution is not very high, spatial patterns
can be observed; a distinct increasing trend of AF values from
south to north is observed, and the AF and AFPM10 are highest
in the NW CLP (e.g. Guojiapan; Fig. 6). It should be noted that
the AFs of Lingtai are higher than that of Xifeng, despite Lingtai
being located to the south of Xifeng during MIS 2 and MIS 5.
This NW–SE spatial gradient of AFs has also been reported else-
where (Lu & Sun, 2000; Kohfeld & Harrison, 2003), and is affected
by the integrated factors of source location and wind direction.
The contrasting results at Lingtai might be the result of its particu-
lar geographical settings (Nilson & Lehmkuhl, 2001; Kohfeld &
Harrison, 2003); close to the Qinling Mountains, the winds trans-
ferring the dust materials are suddenly reduced in speed as a result
of their blocking effect. Greater volumes of dust accumulated in
front of the Qinling Mountains because the reduced winds could
carry the redundant dust materials, resulting in increasing local
values of AF.

The spatial gradients in AF (the magnitude of differences of
the values between one location and another location) during
the last glacial are also greater than that of the last interglacial
(Fig. 6a, b), with the exception of MIS 2 of the right transect in this
study. This feature of AF is similar to that of MGS. The spatial gra-
dient of MGS records over glacial–stadial timescales (i.e. MIS 2 and
MIS 4) are greater (Fig. 6e, f), while the feature of MS is opposite.
This implies that the EAWM plays an important part in AF fluc-
tuations of the CLP. Numerous studies have suggested a warm and/
or humid climate during MIS 5, with stronger (weaker) summer
(winter) monsoon than during MIS 4 (e.g. An et al. 2014).
Strengthening of the EASM circulation can lead to enhanced pedo-
genesis, while a weakened EAWM can decrease the competence
and capacity of dust-bearing winds (Xiao et al. 1995). As a result,
the information regarding pedogenesis and winds is preserved in
the loess–palaeosol and can be extracted by the proxies, MS and

Table 1. Average values of magnetic susceptibility (MS, 10−8 m3 kg−1), mean grain size (MGS, μm) and aeolian flux (AF, g cm−2 ka−1) during marine isotope stages
(MIS) 1–5. NA – not available

MIS 1 MIS 2 MIS 3 MIS 4 MIS 5 MIS 2/5

MS MGS AF MS MGS AF MS MGS AF MS MGS AF MS MGS AF MS MGS AF

Guojiapan 95.6 34.73 33.46 35.6 45.92 75.89 38.6 31.96 50.76 36.2 38.48 69.26 72.0 25.36 19.44 0.50 1.81 3.90

Beiguoyuan 101.6 29.20 27.83 38.8 37.81 42.24 43.5 28.39 35.32 34.4 31.97 51.62 86.8 22.97 11.74 0.45 1.65 3.60

Xifeng 112.5 22.35 20.37 51.0 25.17 23.30 72.0 20.72 21.97 43.4 22.89 28.48 150.0 19.28 9.90 0.34 1.31 2.35

Lingtai 232.9 20.19 17.92 116.8 22.05 35.13 124.0 20.64 13.79 93.3 21.50 24.06 182.5 19.51 10.04 0.64 1.13 3.50

Yanchang NA NA NA 37.6 35.83 16.91 69.2 26.27 24.68 41.5 29.29 41.89 163.7 22.22 9.43 0.23 1.61 1.79

Luochuan 217.4 18.79 18.01 90.9 22.05 13.48 140.5 18.62 15.92 82.4 18.56 21.34 250.6 16.28 5.75 0.36 1.35 2.34

Tongchuan 144.9 21.87 31.24 58.8 25.59 19.23 106.1 19.93 17.63 60.9 21.85 14.09 206.5 18.36 4.54 0.28 1.39 4.23

Bailu 212.5 16.02 11.94 146.7 17.09 11.15 204.4 14.35 9.86 180.1 14.64 13.81 244.6 13.46 3.62 0.60 1.27 3.08

Statistics

Median 144.9 21.87 20.37 54.9 25.38 21.26 89.0 20.68 19.80 52.2 22.37 26.27 173.1 19.39 9.67 0.41 1.37 3.29

Mean 159.6 23.31 22.97 72.0 28.94 29.67 99.8 22.61 23.74 71.5 24.90 33.07 169.6 19.68 9.31 0.42 1.44 3.10

Standard deviation 59.7 6.47 7.96 41.7 9.82 21.52 55.9 5.77 13.41 49.0 7.78 19.65 66.0 3.81 5.03 0.15 0.23 0.86

Maximum 232.9 34.73 33.46 146.7 45.92 75.89 204.4 31.96 50.76 180.1 38.48 69.26 250.6 25.36 19.44 0.64 1.81 4.23

Minimum 95.6 16.02 11.94 35.6 17.09 11.15 38.6 14.35 9.86 34.4 14.64 13.81 72.0 13.46 3.62 0.23 1.13 1.79
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MGS (An et al. 2014). MS and MGS are the robust proxies of
EASM and EAWM, respectively (An et al. 1990, 1991a,b). The spa-
tial gradients of MS and MGS can be considered to be the spatial
gradients of EASM and EAWM, respectively. The spatial gradients
of MS and MGS records indicate that the EAWM has greater gra-
dients in glacial periods, whereas the EASM has greater gradients
in interglacial periods. The stronger spatial gradients of EAWM
lead to greater gradients of MGS and AF, since they are both under
the control of EAWM.

The grain-size distributions of modern dust and Chinese typical
loess can be divided into three components, namely: ultrafine
(< 2 μm), related to pedogenic processes; fine silt (2–10 μm), trans-
ported via long-term suspension processes; and medium silt,
which is mainly transported via short-term suspension processes
by near-surface winds (i.e. EAWM) (Pye & Zhou, 1989; Pye,
1995; Rea & Hovan, 1995; Sun et al. 2002, 2011; Vandenberghe,
2013). The samples at the NWCLP (proximal) have more medium
silt material and less fine silt material, and the medium (fine) silt

component proportion is lower (higher) at the SE CLP (distal)
(Sun et al. 2002; Vandenberghe, 2013). This spatial gradient will
make the interpolation of AF more complicated, especially in
the SE CLP. For example, the spatial gradients of AF (Fig. 6b)
and MGS (Fig. 6f) at the east transect are lower than those at
the west transect. This suggests that the signal of EAWM is weaker
in the east transect, and the westerly jet becomesmore important to
variations in AF.

4.c. Comparison between CLP and global dust records

The prominent glacial–interglacial contrasts in AF records have
also been detected from Biwa Lake (Xiao et al. 1997), Greenland
(Ruth et al. 2007), Antarctica (EPICA Community Members,
2004; Lambert et al. 2012) and the Pacific Ocean (Hovan et al.
1991; Winckler et al. 2008; Jacobel et al. 2017) (Fig. 7). The AF
values are generally higher during MIS 2, 4 and 6 than during
MIS 1, 3 and 5, although the local boundary conditions of these

Fig. 4. The aeolian flux, PM10 aeolian flux, mean grain size and
magnetic susceptibility during the last 150 ka. Shading and
abbreviations as for Figure 3.
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Fig. 5. (a) Aeolian flux (AF); (b) PM10 AF; (c) magnetic suscep-
tibility (MS); and (d) mean grain size (MGS) for the eight profiles.
Shading and abbreviations as for Figure 3.

Fig. 6. Average (dots) and spatial gradients (lines) of aeolian flux
(AF), magnetic susceptibility (MS) and mean grain size (MGS)
during marine isotope stages (MIS) 1–5.
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regions vary hugely (Fig. 7d). In addition, these AF records are
highly correlated with global ice volume. This implies that dust
activities exhibited a global and universal response to climate
change over late Pleistocene glacial cycles on orbital timescales
(Winckler et al. 2008). The high-resolution AF records of
Antarctica (Fig. 7a) and Greenland (Fig. 7b) show that there are
some synchronous millennial variations. These records suggest
that the millennial component of global climate changes have an
influence on AF. However, there are also some local signals pre-
served in these records. For example, during interglacial and/or
interstadial periods, the dust deposition rate is very close to zero
both in Antarctica (Fig. 7a) and Greenland (Fig. 7b). This indicates
that the deposition process temporarily stopped during these peri-
ods. In contrast, the AF values in the CLP (Fig. 7d) were still high
during interglacial and/or interstadial periods (An et al. 1991a; Sun
& An, 2002, 2005). This suggests that the dust activities remained
on a certain scale as a result of a sufficient dust supply and favour-
able transmission (Shi & Liu, 2011; An et al. 2014; Liu et al. 2017),
even when the global climate was very warm; the long-distance
dust transmission might have been interrupted for remote sinks,
however.

5. Conclusions

In this study, we employed a uniform age model based on OSL
chronologies to reconstruct the AFs of eight profiles on the CLP
since the last interglacial. The results indicate that there are clear
temporal and spatial patterns in the CLP; in addition, the patterns

are compatible with the records ofMS and GS. The AF and AFPM10

records are higher and more variable in glacial than in interglacial
periods, and are influenced by the synchronous change of ice vol-
ume in the Northern Hemisphere and the effect of strong local
convection in emission sources. The MGS, AF and AFPM10 values
of SE profiles are generally lower than that of NW profiles, while
MS records show an opposite trend. This study has allowed great
improvements to the reconstruction of AFs as a result of our uni-
form age model and reliable bulk density data. More importantly,
this age model can be used to refine the other AF datasets (e.g.
DIRTMAP dataset; Kohfeld & Harrison 2001) and hence improve
the spatial resolution. Furthermore, this work is expected to pro-
vide key parameters for the model, allowing the assessment of
dust–climate interactions.
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