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This study applieddynamic image analysis (DIA; Sympatec Qicpic) to characterize the grain size and shape of Chi-
nese aeolian sediments in order to fingerprint their transportation processes. This is the first time this technique
has been applied to late Neogene and Quaternary silt particles (2–63 μm) from the Chinese Loess Plateau (CLP).
We selected four well-studied Quaternary loess-palaeosol sequences along a north-south transect across the CLP
and compared their grain size distribution obtained byDIAwith that yielded by laser diffraction particle size anal-
ysis (LD; Fritsch Analysette 22 and Sympatec HELOS KR). This comparison demonstrated that DIA is successfully
able to differentiate loess units from palaeosols, and to characterize clearly spatiotemporal variations in the grain
size records of loess-palaeosol sequences formed during the last two glacial and interglacial periods. This is con-
sistent with grain size results obtained using LD. DIA is also able to characterize spatial variations in the more
fine-grained aeolian Red Clay deposits underlying the Quaternary loess, and allows the quantification of the flu-
vial contribution to Red Clay sequences. DIA of the characteristics of grain shapes in loess-palaeosol sequences
and Red Clay deposits revealed a systematic pattern, whereby the aspect ratio decreased with increasing grain
size, indicating that systematic shape sorting occurred during the aeolian transportation of these dust particles.
It could be inferred from our study that particles in a certain grain size range correspond to a specific aspect
ratio range, and may in turn be aerodynamically distinguishable from each other and further correlated with
thewind velocity/strength. Also evident from analysis of our DIA datawas a subtle but systematic downwind de-
crease in the aspect ratio of the particles in the loess units. This observation suggests that elongated and/or flat
particles (with a low aspect ratio) were transported further downwind than more symmetrically shaped parti-
cles (with a high aspect ratio). This study indicates that DIA of grain size and shape characteristics can be an ad-
ditional powerful tool for identifying grain size and shape sorting trends, determining the dominant mode of
transport, and reconstructing transport pathways of silt-sized aeolian sediments.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Grain size as a fundamental property of sedimentary particles has
been extensively used to characterize the sedimentary environment
and transport mechanisms of natural sediments (Udden, 1914;
Wentworth, 1922; Folk and Ward, 1957; Visher, 1969; Mclaren and
Bowles, 1985; Rea and Hovan, 1995; Syvitski, 1997; Prins and Weltje,
1999; Vandenberghe, 2013). Various techniques have been developed
to determine the grain size of sediments, including classical methods
ces and Geography, P.O. Box 64,

.a.prins@vu.nl (M.A. Prins).
such as microscope particle sizing, sieving, settling velocity measure-
ments, as well as automatized techniques such as photon correlation
spectroscopy and laser diffraction (LD) particle size analysis (Syvitski,
1997). Of these techniques, LD particle analyzers are increasingly used
because of their high accuracy, fast speed, and low cost in processing
large numbers of samples (Konert and Vandenberghe, 1997; Eshel
et al., 2004; Blott and Pye, 2006; Fedotov et al., 2007; Jonkers et al.,
2009, 2015).

Grain shape is another principal property of natural sediments that
has been widely used in understanding the formation of the particles
and in characterizing the transportation processes experienced by sed-
iments (Wadell, 1932, 1935; Krumbein, 1941; Riley, 1941; Howard,
1992; Oakey et al., 2005; Blott and Pye, 2008; Suzuki et al., 2015).
Many efforts have therefore beenmade to optimize particle shape anal-
ysis over the years. In early attempts at such analysis, particle shapewas
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https://doi.org/10.1016/j.sedgeo.2017.12.001
mailto:m.a.prins@vu.nl
https://doi.org/10.1016/j.sedgeo.2017.12.001
http://www.sciencedirect.com/science/journal/00370738
www.elsevier.com/locate/sedgeo


37Y. Shang et al. / Sedimentary Geology 375 (2018) 36–48
often manually characterized by using visual comparison diagrams
based on themeasurements of two-dimensional (2D) combined axis ra-
tios (Krumbein, 1941; Sneed and Folk, 1958; Blott and Pye, 2008). Sub-
sequently, computer-based image analysis has become more widely
used, as it often measures the particles faster and more objectively
than can manual methods (Persson, 1998; Kwan et al., 1999; Altuhafi
et al., 2013; Rodriguez et al., 2013). However, in most cases, traditional
static image analysis requires extended subsequent statistical analysis.
In addition, many of the particle shape measurement techniques focus
on coarse-grained material, such as sand and gravel-sized sedimentary
particles.

In this study, we introduce a state-of-the-art technique, i.e. dynamic
image analysis (DIA), which allows the rapid characterization of both
the particle size and shape of silt and sand-sized clastic sediments. The
setup used here (Sympatec Qicpic) combines a wet disperser with a
high-speed image sensor (Qicpic), enabling the acquisition of a large
number of images (several 103), and the analysis of a large number
(N104 to N106) of suspended sedimentary particles in just a few mi-
nutes. Thus, it theoretically overcomes the problem inherited from tra-
ditional static image analysis of a limited number of image results with
low particle counts and large statistical errors. The same DIA Qicpic
technique has already been employed for measuring the grain size
and shape of pharmaceutical materials (Yu and Hancock, 2008; Nalluri
et al., 2010; Yu et al., 2011). However, only a few studies have so far
exploited DIAmethods in studying sedimentary characteristics, particu-
larly for silt-sized particles (Tysmans et al., 2006, 2009; Li et al., 2015).
Tysmans et al. (2009) applied automated dynamic image analysis
(ADIA) (RapidVue Particle Analyzer, Beckman Coulter Company) to
characterize the particle size and shape of Belgian loess, which is com-
posed of N60% silt particles (2–63 μm). Their results have indicated
that combining both grain size and shape can be very useful when
reconstructing aeolian transportation processes, and can also discrimi-
nate loess deposits transported by different wind strengths and under
differing climatic conditions (Tysmans et al., 2009). Li et al. (2015)
used DIA (Qicpic) to examine the grain size and shape characteristics
of lakeshore sands of Lake Tangra Yumco on the Tibetan Plateau (TP),
and fluvial sands from the middle reaches of the Yellow River, Inner
Mongolia. Both groups of sediments were deposited during the Holo-
cene and are mainly composed of medium-grained (250–500 μm) and
fine-grained (125–250 μm) sand. Their results demonstrated that for
the sediments from both the TP lakeshore and the Yellow River flood-
plain, the mean grain size decreased as a function of increased spheric-
ity. In addition, their results indicated that the lakeshore and alluvial
sediments could be discriminated based on a combination of grain
size and shape characteristics. Li et al. (2015) therefore suggested that
this method could be a potentially useful tool in the reconstruction of
sedimentary environments.

Here we applied the DIA method to characterize the grain size and
shape of two distinct units of dust deposits on the CLP in northern
China: Quaternary loess-palaeosol sequences; and the underlying late
Miocene-Pliocene Red Clay. Loess is an aeolian sediment dominated
by silt-sized particles; the loess-palaeosol records from northern China
have been considered one of the most important continuous terrestrial
archives of Quaternary climate change and atmospheric circulation (Liu,
1985; Kukla, 1987; Hovan et al., 1989; Pye, 1995; Liu and Ding, 1998;
Porter, 2001; Muhs, 2013). The loess-palaeosol sequences on the CLP
have been well studied from various perspectives, and it has been
widely agreed that loess is a windblown product. Meanwhile, although
there is a consensus on the aeolian origins of the upper part of the Red
Clay sequence (~6–2 Ma BP) (Ding et al., 1998; An et al., 2001; Lu
et al., 2001; Guo et al., 2002), debate still continues about whether the
Red Clay sequence older than ~6 Ma BP is largely of aeolian origin, or
was reworked by fluvial processes (Guo et al., 2001; Alonso-Zarza
et al., 2009; Zhang et al., 2013; Nie et al., 2016; Shang et al., 2016).
Therefore, the two objectives of this studywere to: (1) examine the per-
formance of DIA on silt-sized aeolian dust particles from loess-palaeosol
sequences; and (2) compare the grain size and grain shape distributions
of the Red Clay with loess and palaeosol samples to check the potential
aeolian origins of the Red Clay.

2. Material and methods

2.1. Loess and Red Clay sections

The locations of the studied loess and Red Clay sections are indicated
in Fig. 1. We selected four loess sections, referred to as Huanxian (HX),
Xifeng (XF), Xunyi (XY) and Duanjiapo (DJP), along a north-to-south-
oriented transect across the CLP. Detailed descriptions and age models
of the sections were taken from Nugteren and Vandenberghe (2004)
and Prins and Vriend (2007).The HX, XF and XY sections cover the last
two glacial and interglacial cycles and contain (L0-) S0-L1-S1-L2-S2
loess (L)-palaeosol (S) units (Fig. 2). The studied DJP section only covers
the last glacial andHolocene period (L0-S0-L1). In general, theHolocene
palaeosol S0 and loess L0 correlate with Marine Isotope Stage 1 (MIS 1,
14–0 ka BP). The L1 loess was deposited during the Last Glacial (MIS 2-
MIS 4, 71–14 ka BP), and contains two primary loess units, L1-1 and L1-
3, and one weakly developed palaeosol complex (L1-2). Loess layer L2
was deposited during the penultimate glacial period and corresponds
to MIS 6 (191–130 ka BP). L2 also consists of three sub-units marked
as L2-1, L2-2 and L2-3 (Fig. 2). Similarly to L1-2, sub-unit L2-2 also rep-
resents a poorly-developed palaeosol (PDS) layer within the glacial
loess unit L2, formed during interstadial periods. Note that the loess
sub-units L1-1 (L2-1), L1-2 (L2-2) and L1-3 (L2-3) labeled in this
study correspond to the nominations L1LL1 (L2LL1), L1SS1 (L2SS1)
and L1LL2 (L2LL2), respectively, as used in previous studies (Hovan
et al., 1989; Porter, 2001). The well-developed palaeosol complexes
(WDS) S1 and S2 accumulated and formed during the last interglacial
and penultimate interglacial periods, correlative with MIS 5 (71–
130 ka BP) and MIS 7 (~191–243 ka BP), respectively (Nugteren and
Vandenberghe, 2004; Prins and Vriend, 2007). The MIS ages are taken
from Lisiecki and Raymo (2005, http://www.lorraine-lisiecki.com/
LR04_MISboundaries.txt).

Samples for DIA (Sympatec QICPIC) and additional laser diffrac-
tion (LD) analysis (Sympatec HELOS) were selected based on varia-
tions in the median grain size and the proportional endmember
records of the four studied loess sections (Fig. 2). The correlative
samples taken from the same ‘time slices’ (stratigraphic intervals)
are representative of typical loess (L) units (high median grain size
(MD)/high proportion of EM1 and/or EM2), poorly-developed
palaeosol (PDS) units, and well-developed palaeosol (WDS) units
(low MD/high proportions of EM3) (Fig. 2 and Supplementary
Table S1).

We also analyzed samples from three well-known Red Clay sections
distributed across the CLP (Fig. 1): Baode (BD) on the northeastern CLP
(Kaakinen et al., 2013); Lantian (LT) on the southern CLP (Kaakinen and
Lunkka, 2003; Zhang et al., 2013); and Dongwan (DW) on the western
CLP (Hao and Guo, 2004). The depositional ages of these sections span
~7.3–2.6 Ma BP and represent a variety of Red Clay lithologies
(Supplementary Fig. S1). The BD Red Clay from the northeastern CLP
is composed of two Red Clay formations, the late Miocene Baode
(BD) Fm and the Pliocene Jingle (JL) Fm. The BD Fm has been partly af-
fected by fluvial processes, whereas the JL Fm is composed of fine-
grained wind-blown deposits (Kaakinen et al., 2013; Shang et al.,
2016). The DW Red Clay sequence represents the uniform loessic Red
Clays found on the western CLP (Hao and Guo, 2004), while the LT
Red Clay (Lantian (LT) Fm) represents the southernmost occurrence
of Red Clays, and is characterized by deep-red fine-grained deposits
with fluvial components in the lowermost part of the sequence
(Kaakinen and Lunkka, 2003; Zhang et al., 2013). Samples were se-
lected based on their lithological characteristics and proportional vari-
ations within the modeled endmembers (a high proportion of EM1/
EM2 versus a high proportion of EM3/EM4) for each Red Clay section



Fig. 1. The Chinese Loess Plateau (CLP) and locations of the studied loess and Red Clay sections.
(Modified from Prins and Vriend, 2007).
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(Shang et al., 2016). In particular, the samples with a high contribution
of EM1 and/or EM2 were chosen to highlight the proportion of silt and
sand particles found in fine Red Clay sediments (Supplementary
Fig. S1). For the LT Red Clay, a few samples were selected from the in-
tensively weathered upper part of the section, and two from the lower-
most coarse-grained part, in order to investigate the influence of
chemical weathering and fluvial processes on the particular character-
istics observed in the distribution of grain size and shape within the
sedimentary strata.
(a) (b)

Fig. 2. Loess-palaeosol stratigraphy, median grain size (MD), and the proportional contribution
(DJP) sections. The inset (e) shows the modeled endmember distributions (from Prins and Vrie
laser diffraction (LD) particle size analyzer) are taken from Prins andVriend (2007) and referenc
of the HX, XF and XY sections are shown here for the first time. The red dotsmark the levels sam
2.2. Laser-diffraction grain size analysis and data treatment

For grain size analysis, ~0.5–1 g of bulk sediment was pretreated
with H2O2 and HCl to remove organic matter and carbonates, respec-
tively, following a standard analytical procedure for loess and Red Clay
(cf. Konert and Vandenberghe, 1997; Vandenberghe et al., 2004). The
detailed loess grain size records (Fig. 2) and the LT Red Clay section
(Supplementary Fig. S1) were obtained using a Fritsch A22 laser-
diffraction instrument at Vrije Universiteit Amsterdam (VUA). Red
(c) (d)

(e)

s of endmembers observed in the Huanxian (HX), Xifeng (XF), Xunyi (XY) and Duanjiapo
nd, 2007). The grain size and endmember modeling data (all obtained using a Fritsch A22
es therein; the grain size and EM-proportion records of theDJP section and the L2-S2 units
pled for DIA (Sympatec Qicpic) and additional LD particle size analysis (Sympatec HELOS).
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Clay samples from the BD Fmwere analyzed using a Coulter LS200, and
from the JL Fm (BD) and fromDWusing a Sympatecs Helos KR laser dif-
fraction particle sizer (Supplementary Fig. S1). A selected number of
loess samples (indicated in Fig. 2) analyzed using Fritsch LD were
reanalyzed with a Sympatec Helos KR LD particle sizer in order to
make a comparison between different laser-diffraction devices and dif-
ferent techniques (LD versus DIA). Both LD devices produced grain
size distributions with 56 size intervals within the size range 0.15–
2000 μm (based on the parameter-free Fraunhofer model). The median
grain sizes of the samples were calculated using the GRADISTAT pro-
gram developed by Blott and Pye (2001).

Mixingmodels of these grain size distributionswere produced to fa-
cilitate the collation of a total grain size dataset of the four loess sections
(HX, XF, XY and DJP) using the End-Member Modeling Algorithm
EMMA (Weltje, 1997). EMMA is a non-parametric numerical-
statistical technique and its advantage over the parametric curve fitting
approaches, e.g. Weibull (Sun et al., 2002, 2004) or log-normal (Xiao
et al., 2009, 2013) is that it does not require any prior knowledge
about the grain size controlling processes (Weltje and Prins, 2007).
This method has proven to be powerful in distinguishing aeolian from
fluvial sediments in various marine settings (e.g. Prins and Weltje,
1999; Prins et al., 2000; Stuut et al., 2002, 2014; Deplazes et al., 2014)
and in portioning multiple transport/deposition processes of Quater-
nary loess (Prins and Vriend, 2007; Prins et al., 2007, 2009; Vriend
et al., 2011). The endmember modeling results for the upper parts of
these sections (S0-L1-S1) have already been published by Prins and
Vriend (2007) and Prins et al. (2007), but the data for the L2-S2 units
Fig. 3. An illustration of a 2D image of particles and measurement of
are reported here for the first time. The endmember modeling results
for the Red Clay sections were taken from Shang et al. (2016).

2.3. DIA

A Sympatec image analysis sensor Qicpic/R connected to a LIXELL
wet disperser (http://www.sympatec.com/EN/ImageAnalysis/QICPIC.
html) was used to analyze various particle size and shape parameters
of the loess and Red Clay samples. The Qicpic setup used in this study
allows the analysis of as many as several million particles within the
2–500 μm range over ameasuring time of 5min. The pretreatment pro-
cedure for the DIA samples is similar to that for samples subjected to LD
grain size analysis, and ensures that the samples arewell dispersed dur-
ing measurement.

The primary information given by the DIA is the contour (2D image)
of any one particle (Fig. 3), which contains information about both the
particle's size and shape. Standard size descriptors include the EQPC di-
ameter, i.e. the diameter of the equivalent projection area of a circle, and
theminimal, maximal andmean Feret diameters. However, it should be
noted that the perimeter of the EQPC diameter of a (partly) transparent
particle underestimates the ‘true’ diameter of that particle (Supplemen-
tary Fig. S2 and Table S2); the mean Feret diameter is therefore used
here to describe the size of particles. The Feret diameter is based on a
group of diameters derived from the distance of two tangents to the
contour of the particle in a well-defined orientation. Internally, the
Feret diameters for asmany angles (0°…180°) as possible are calculated
and the mean value of the Feret diameters for all orientations is then
the Feret diameter and calculation of Feret mean by Qicpic DIA.

http://www.sympatec.com/EN/ImageAnalysis/QICPIC.html
http://www.sympatec.com/EN/ImageAnalysis/QICPIC.html
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used (Fig. 3). Replicate analyses of a series of glass bead and loess sam-
ples indicate that the analytical uncertainty, expressed as the coefficient
of variation for the median Feret_mean diameter, is in the range 0.5–
2.4% (see Table S3).

With respect to grain shape, standard shape descriptors obtained
using the Qicpic sensor include the sphericity and the aspect ratio. The
sphericity of a particle is defined as the ratio of the EQPC to the actual
perimeter of the particle. However, as the EQPC parameters of (partly)
transparent particles cannot be accurately measured, the sphericity re-
sults are not reported here. Instead, we focus in this study on the aspect
ratio, which is defined as the ratio of the minimal to the maximal Feret
diameter. The aspect ratio ranges from 0 to 1, corresponding to a range
in shape from extremely flat or elongated particles, to perfectly sym-
metrical particles.

In addition, the software associated with the Qicpic sensor was used
to calculate the number of imaged particles for specific size fractions,
expressed as parts permillion (ppm) of the total number of particles an-
alyzed (bulk sample), and in the fraction N16 μm. As our focus was on
the silt and (very fine to medium) sand fraction, we reported the parti-
cle counts of the N32 μm, N63 μm, N125 μm and N250 μm fractions for
detailed analysis.

3. Results

3.1. LD grain size records and endmembermodeling of the Quaternary loess
sections

The median grain size records, and the proportional contribution of
the three endmembers versus depth, for the four loess sections, as
based on the Fritsch A22 LD measurements, are presented in Fig. 2.
The grain size distributions of all the loess and palaeosol samples are
expressed as a mixture of the following three endmembers: the very
fine sandy endmember EM1, with a modal size of 63 μm; the silty
endmember EM2, with a modal size of 37 μm; and the clayey
endmember EM3, with a modal size of 22 μm. This demonstrates that
within each loess-palaeosol sequence, the variations in the median
grain size and proportional contributions of the endmembers relatively
clearly define the major lithological loess and palaeosol units. Loess
units L1-1, L1-3, L2-1 and L2-3 show high median grain size values
and a high proportion of the fine sandy and silty loess endmembers
EM1 and EM2. In contrast, the weakly developed palaeosol units L1-2
and L2-2, and especially the well-developed palaeosols S1 and S2, are
characterized by low median grain size values and high contributions
from the clayey endmember EM3.

The thickness of the glacial loess units displays a downwind decreas-
ing trend: for instance, the thickness of the L1 unit decreases from
~19 m in the HX section, to ~12.5 m in the XF section, ~9 m in the XY
(a) (b)

Fig. 4. Comparison of median grain size (D50) measurements made by Qicpic DIA and LD
(a) Comparison of D50 measured by two LD devices (Fritsch and Helos); (b) comparison of D
Qicpic DIA and Helos LD devices. The median grain size from each instrument was calculated u
section and ~5 m in the DJP section. In contrast, the last interglacial
palaeosol unit S1 does not show a clear spatial trend in thickness,
being ~2.5 m thick in each loess section (HX, XF and XY).

The endmember contributions also reveal a spatial trend in the four
loess sections. TheHX loess-palaeosol sequence is characterized by high
proportions of the coarse endmembers EM1 and EM2, whereas the XF
and XY sequences from the central and southern CLP are dominated
by mixture of endmembers EM2 (silty loess) and EM3 (clayey loess).
The southernmost DJP loess site is dominated by EM3, with a small ad-
ditional contribution from EM2, in the L1-1 loess unit.

3.2. Comparison between the LD- and DIA-determined grain size
distributions of Quaternary loess

Fig. 4 and Supplementary Fig. S3 present a comparison of themedian
grain size values obtained using the Qicpic, Helos and Fritsch devices for
the four loess sections. The scatter plot in Fig. 4a highlights the strong
correlation between the grain size data obtained using the two LD de-
vices, the Fritsch Analysette 22 and the Sympatec HELOS KR. The linear
regression (y = 0.78ϰ+ 1.16, r2 = 0.98) between the two datasets in-
dicates that they are highly consistent, although the Fritsch device tends
to produce much lower median grain sizes compared to the Helos de-
vice (slope a = 0.78).

Comparisons between the data produced by the Qicpic device ver-
sus the Fritsch device (Fig. 4b), and the Qicpic device versus the Helos
device (Fig. 4c) also show strong linear correlations between the
datasets, i.e. y = 1.01ϰ− 16.04 (r2 = 0.97) for the Qicpic-Fritsch com-
parison, and y = 1.30ϰ − 22.16 (r2 = 0.99) for the Qicpic-Helos
comparison. These two regression equations display high (negative)
intercepts (b), indicating that the Qicpic device tends to systematically
‘overestimate’ the median grain size by 16–22 μm compared to the two
LD devices.

We also compared the grain size distributions of individual loess and
palaeosol samples from the four loess sections obtained using theQicpic
device and the two LD devices (Fig. 5). This revealed that the Qicpic de-
vice provides a similar grain size mode to the Helos and Fritsch devices
for all the loess and (most of the) palaeosol samples. For the L1 loess
samples, the Qicpic, Helos and Fritsch devices all show a clear mode at
63 μm for theHX section, 44 μm for the XF section, 37 μm for the XY sec-
tion and 31 μm for the DJP section. For the S1 and S0 palaeosol samples,
the grain size mode measured by the Qicpic device is also closely com-
parable to the mode obtained using the two LD devices, although the
Qicpic mode is slightly coarser than that given by the Helos, and espe-
cially the Fritsch device. From the displayed loess and palaeosol grain
size distributions, it is also notable that the Qicpic device clearly under-
estimates the number of particles in the fine tail of the grain size distri-
butions compared to the two highly comparable LD distributions. This
(c)

devices (Fritsch and Helos) for samples from the HX, XF, XY and DJP loess sections.
50 measured by Qicpic DIA and Fritsch LD devices; (c) comparison of D50 measured by
sing the GRADISTAT program developed by Blott and Pye (2001).



Fig. 5. Grain size distributions of individual samples from loess (L1-1) and palaeosol (S1 and S0 (DJP)) units from the studied loess sections generated by the Qicpic, Helos and Fritsch
devices. The sample ID indicated in the figure refers to the notation used in Fig. 2. The numbers in red in the Figure indicate the mode of the grain size distribution for each sample.
The dashed lines and the numbers in black in the Figure indicate the deviation boundary between the DIA and LD grain size results.
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deviation sets in at, and below, ~12 μm in the case of the coarse-grained
loess sample ‘HX L1-1b’ (Fig. 5a), or ~24 μm in the case of, for instance,
the fine-grained palaeosol samples in the HX section (‘HXS1-a’, Fig. 5e).
In general, however, the devices show very comparable results above
~16 μm (Fig. 5b–d and f–h), including the main mode and the coarse
tail of the grain size distributions.

3.3. Spatiotemporal variations in the grain size distributions of Quaternary
loess as revealed by DIA

The numbers of particles of sizes N32 μm, N63 μm, N125 μm and
N250 μm for samples from each of the four loess sections are visualized
in Fig. 6, which highlights in great detail themost significant spatiotem-
poral trends in loess-palaeosol composition.

First, the data demonstrate that the different loess and palaeosol
units can be clearly characterized by the contributions (expressed
in ppm) of the above size fractions. For example, for the last glacial
loess units L1-1 and L1-3, and the penultimate glacial period loess
units L2-1 and L2-3, in the HX section, the number of particles of size
N32 μm ranges from 19 × 103 to 28 × 103 ppm (Fig. 6a, b). By contrast,
the numbers of these particles are significantly lower (9.9 × 103 to
11.9 × 103 ppm) in the poorly-developed palaeosol (PDS) units L1-
2 and L2-2 (Fig. 6a and e), but are especially low (6.6 × 103 to 7.2 ×
103 ppm) in the well-developed palaeosol units (WDS) S1 and S2
(Fig. 6i). Similar stratigraphic trends in sedimentary composition can
be seen in the N32 μmdata of the other three loess-palaeosol sequences
(XF, XY and DJP) (Fig. 6a, e). These trends are also reflected in the par-
ticle counts for the HX section in the N63 μm and N125 μm fractions;
clear temporal trends in the N250 μm fraction are, however, lacking
for the reasons given below. In the fully glacial L1-1, L1-3, L2-1
and L2-3 loess units of the HX section, the number of particles of size
N63 μm ranges from 1.6 × 103 to 2.7 × 103 ppm (Fig. 6b, f), whereas
in the N125 μm size fraction, the number of particles ranges from 19
to 76 ppm (Fig. 6c, g), and from 0 to 2 ppm in the N250 μm size fraction.
In the PDS sample, between the interstadial units L1-2 and L2-2, the
number of particles in the N63 μm, N125 μm and N250 μm size fractions
ranges from 339 to 535 ppm (Fig. 6b, f), 3.8 to 6.3 ppm (Fig. 6c, g) and
0.08 to 0.63 ppm (Fig. 6d, h), respectively. In the WDS samples
from the interglacial units S1 and S2, the number of particles in the
N 63 μm, N125 μm and N250 μm size fractions ranges from 185.6 to
240.2 ppm (Fig. 6j), 1.5 to 1.8 ppm (Fig. 6k), and 0 to 0.06 ppm
(Fig. 6l), respectively. For the XF and XY sections, and to a lesser extent
also for the DJP section, it can be observed that the loess, PDS and
WDS units are also clearly distinguishable by their particle counts in
the N63 μm and N125 μm fractions. This is highlighted in Fig. 6m–p, in
which the average number of particles in different size classes is sum-
marized for all four sections. These figures clearly show a decrease in
the ‘coarse’ particle numbers from the glacial loess units to the intersta-
dial PDS units, and to the interglacial WDS unit, in the HX, XF and XY
sections, and, to a lesser extent, in the DJP section.

A second key observation is that the Qicpic data (Fig. 6a–l) show a
notable southward decrease in the number of silt and fine sand particles
found in the loess and palaeosol units; this is highlighted in Fig. 6m–p, in
which the average compositions of the loess, PDS andWDSunits (Fig. 2)
are presented. For example, the average number of particles N32 μm in
the glacial loess samples (‘L’ in Fig. 6m) is 22.5 × 103 ppm in the HX
section on the northern CLP, but decreases to 12.9 × 103 ppm in the
XF section, 9.1 × 103 ppm in the XY section and 5.2 × 103 ppm in the
southernmost DJP section. Similar spatial trends in the composition of
the loess units along the HX-DJP transect are reflected in the particle
counts in the N63 μm (Fig. 6n) and N125 μm fractions (Fig. 6o), which
range between 2.6 × 103 to 91 ppm and 41.5 to 0.5 ppm, respectively.
The average particle count in the N250 μm fraction also shows an appar-
ent spatial trend in the loess (L) units (Fig. 6p), but considering the large
spread in the data (see Fig. 6d and h), and the very low particle counts
(b1 ppm), this ‘trend’ is considered insignificant.

The average PDS compositions, and, to a lesser degree, the WDS
compositions, display the same spatial trends in the N32 μm, N63 μm,
and even the N125 μm fractions, although these trends are not as strik-
ing as in the glacial loess units. The spatial trends in the average PDS
compositions are not described in detail here; they are intermediate be-
tween the loess and theWDS compositions. The average number of par-
ticles of size N32 μm in the WDS units is ~6.9 × 103 ppm in the HX
section, 5.6 × 103 ppm in the XF section, and 4.8 × 103 ppm in the XY
section (Fig. 6m). The average number of particles of size N63 μm in
the WDS units decreases from 213 ppm in the HX section, to 123 ppm
in the XF section, and 86.7 ppm in the XY section (Fig. 6n). The two
coarsest fractions donot showany (clear) spatial trends: b1 ppmof par-
ticles of size N125 μm is found in the WDS units, except in the HX sec-
tion, in which their concentration reaches a meager 1.6 ppm; the
number of particles N250 μm is well below 0.2 ppm in the WDS units.

As shown above (Section 3.2, Fig. 5), the grain size distributions
measured using Qicpic DIA deviate from the grain size distributions
measured by LD devices when the particle size is b16 μm. Thus, in



Fig. 6. Particle counts in the coarse silty (N32 μm) and very fine to medium sandy fractions (N63 μm, N125 μm and N250 μm) expressed in parts per million (ppm) with respect to total
particle count in the bulk samples extracted from the loess (L1, L2) and palaeosol (S1, S2) units of the four loess sections (HX, XF, XY and DJP). Sample ID's (in panels a–l) refer to the
notation used in Fig. 2. Abbreviations used in panels m–b: L = loess; PDS = poorly-developed palaeosol; WDS = well-developed palaeosol.
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order to eliminate the effect of the number of fine particles, and to focus
on the coarse tail of the grain size distributions analyzed correctly
by both the DIA and LD devices, we recalculated the content of
each fraction (using particle sizes of N32 μm, N63 μm, N125 μm and
N250 μm) based on the numbers of particles N16 μm (Supplementary
Fig. S4). The recalculation increased the number (×10) of counted
coarser particles in the bulk sediments, thus highlighting the composi-
tional trends in the coarse tails of each of the grain size distributions
in more detail. Nevertheless, the spatiotemporal patterns are very sim-
ilar to those indicated in Fig. 6, andwill therefore not be explained in de-
tail here.

3.4. Particle shape distributions within Quaternary loess as revealed by DIA

First, we investigated the grain shape distribution (aspect ratio) of
each loess sample from the four loess sections (Supplementary
Fig. S5). Unlike the grain size distributions observed in loess samples,
no obvious temporal variations are discernible in loessic grain shape dis-
tributions (Supplementary Fig. S5). Although large variations have been
observed in the coarse ends (N80 μm) of the shape distribution spectra
(Supplementary Fig. S5), the differences are probably due to the limited
number of measured grains (Fig. 6), meaning that the pattern is of less
statistical significance. We then focused on the 16–63 μm size fraction,
for which abundant particles weremeasured (Fig. 6 and Supplementary
Fig. S4) in an attempt to illustrate the average shape distribution of sam-
ples from loess, PDS andWDS units for the HX, XF, XY andDJP loess sec-
tions (Fig. 7a–d). It can be seen that for all samples in the loess, PDS and
WDS units, for particles in the 16–63 μm size range, the aspect ratio of
the particles varies from 0.55 to 0.71, and decreases as a function of in-
creasing grain size (Fig. 7a–d). For most of the samples, the differences
in the grain shape distributions of each unit fall within the error bars
(standard deviation of the mean; Fig. 7a–d), except for the loess unit
in the HX section, which displays relatively larger deviations in the
50–63 μm size range (Fig. 7a). In addition, the HX section on the north-
ern CLP reveals that for particles in the 16–35 μmsize range, the average
aspect ratios of the particles are almost identical in the loess, PDS and
WDS units. In contrast, for particles in the 35–63 μm size range, the as-
pect ratio of particles in the loess units is slightly higher than in the
PDS and WDS units (Fig. 7a), indicating that more symmetrical coarse
silt grains are present in the silty loess layers than in the palaeosol
units. The XF section on the central CLP does not reveal any specific var-
iation in the aspect ratio between loess and palaeosol units. The XY sec-
tion on the southern CLP in turn demonstrates that in the 16–63 μmsize
range, the aspect ratio of particles in theWDS units is higher than that of
particles in the loess and PDS units (Fig. 7c). For the DJP section, which
only reaches L1, the aspect ratio of particles in the PDS units is slightly
higher than in the loess units in the 16–55 μm size range.

Fig. 7e–g compares the grain shape distributions for the different
units of the four loess-palaeosol sequences. In the loess units (Fig. 7e),
the aspect ratio for particles in the 35–63 μm size range decreases
from the HX to the XF section, and subsequently to the XY and then
the DJP section, while for particles b30 μm, the aspect ratio value of
the HX section is relatively lower than at the three southern sites. By
contrast, in the WDS units (Fig. 7g), particles in the 20–50 μm size
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Fig. 7. Average grain shape distribution spectra with error bars for samples from the loess (L), poorly-developed palaeosols (PDS) and well developed palaeosols units (WDS) analyzed
from the four loess sections: (a) HX; (b) XF; (c) XY; and (d) DJP. Panels (e)–(g) show the spatial comparison of the grain shape distribution spectra of different units from the four
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range at the southern XY site show relatively higher aspect ratios than
at the northern XF and HX sites. No obvious spatial variation in particle
aspect ratios was observed in the PDS units for the four loess sequences
(Fig. 7f).

3.5. Particle size and shape distributions in LateMiocene-Pliocene Red Clays
as revealed by DIA

Fig. 8a–c display the number of particles of sizes N32 μm, N63 μm
and N125 μm in the four Red Clay sequences in comparison with those
found in the loess and palaeosol samples. As mentioned in Section 3.2,
the accuracy of theQicpic DIA for loess sediments is likely limited to par-
ticles N16 μm. Thus, we here focus on the coarse fraction in the Red Clay
deposits and the numbers of particles of each fraction calculated, based
on counts of particles of sizes N16 μm, instead of the numbers of parti-
cles within the whole bulk sample (Supplementary Fig. S6). No major
temporal variations were observed in the number of particles in the
N32 μm and N63 μm size fractions throughout individual Red Clay se-
quences (Fig. 8a, b), while for particles of size N125 μm, the counts dem-
onstrate relatively larger variations in the Red Clays of the JL and LT Fms,
compared to the BD Fm and DW (Fig. 8c). The average number of parti-
cles of size N32 μm is 11 × 104 ppm in the BD Fm, 8.6 × 104 ppm in the JL
Fm, 6.3 × 104 ppm in the DW Red Clay, and 7.0 × 104 ppm in the LT Fm
Red Clays. For particles N63 μm, the average number is 5.2 × 103 ppm in
the BD Fm, 3.8 × 103 ppm in the JL Fm, 686.6 ppm in the DW Red Clay,
and 2.0 × 103 ppm in the LT FmRed Clays. In general, Red Clay is a more
fine-grained sediment than Quaternary loess (Supplementary Fig. S7),
and smaller numbers of coarse silt (32–63 μm) and very fine sand
(63–125 μm) particles were therefore observed in the Red Clay samples
than in the loess samples; indeed, the Red Clay particle component is
more comparable to the PDS and WDS palaeosol units in the loess se-
quence. Spatially, it is clear that the BD and JL Fm Red Clay on the north-
eastern CLP contain more coarse silt (32–63 μm) and very fine sand
particles (63–125 μm) than the Red Clays in the DW and LT Fm in the
sections we studied on the western and southern CLP (Fig. 8a, b). How-
ever, a notable number of ‘giant’ particles (N125 μm) has also been ob-
served in both the JL FmRed Clay of the northern CLP, and the LT FmRed
Clay of the southern CLP. This number is comparable to that observed in
the XF loess units.

Supplementary Fig. S8 shows the grain shape distributions of sam-
ples from the four Red Clay sections. In general, no obvious temporal
variation was observed in the aspect ratio distributions of particles in
the 16–60 μm size range in the BD, JL, DW, and the upper part of the
LT Fm Red Clays (Supplementary Fig. S8). Thus, only the averaged
grain shape distribution for each section is presented here (Fig. 9a). In
the 16–63 μm size range, the particle aspect ratios vary from 0.70 to
0.58 in the BD Fm, 0.71 to 0.59 in the JL Fm, 0.71 to 0.56 in the DW
RedClay, and 0.72 to 0.55 in the LT FmRed Clays. Notably, Red Clay sam-
ple LT-1, at the bottom of the LT Fm, is prominent because of its distinc-
tive grain shape distribution spectra compared to the other samples
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(Fig. 9a and Supplementary Fig. S8). Particles in the 16–55 μmsize range
in the LT-1 sample display a noticeably lower aspect ratio than in the
overlying samples.

In Fig. 9b–d, we compare the averaged grain shape distribution of
Red Claywith that of loess, PDS andWDS units. In the Red Clay samples,
the particle aspect ratios are observed to decrease with an increase in
grain size, similar to what is seen in the Quaternary loess and palaeosol
samples (Fig. 9). In general, in the 16–60 μm size range, the aspect ratio
of particles in the LT and JL Fms is notably higher than in the loess
(except for HX-L), PDS and WDS units. The grain shape distribution of
particles in the BD Fm is comparable to those observed in the loess,
PDS and WDS units in the 16–40 μm size range, and is relatively higher
than those seen in the PDS and WDS units in the 40–63 μm size range.
The grain shape distribution of particles in the DW Red Clay largely
overlaps with both the loess and palaeosol (PDS and WDS) units in
the 16–63 μm size range (Fig. 9b–d).

4. Discussion

4.1. Performance of DIA in measuring silt-sized sediments

Comparison of the DIA grain size distribution with the results of LD
analysis indicates that DIA provides a similar grain size distribution
and grain size mode to the LD devices for particles N16 μm (Fig. 5).
The median grain size (D50) dataset obtained from DIA is also highly
positively correlated with that of the LD devices, suggesting that DIA is
capable of capturing the main particle characteristics (Fig. 4). In addi-
tion, unlike the LD grain size analysis, which only provides the volume
percentage for the different fractions in the bulk sediments, DIA is able
to count the numbers of particles measured in various size fractions;
the proportional contribution of grains in a certain size fraction can
thus be expressed in parts per million (ppm). Both the analyses based
on bulk sediment (Fig. 6), and upon the coarse fraction of the sediment
(Supplementary Fig. S4), reveal the same spatiotemporal pattern in
loess-palaeosol sequences, and are highly comparable with the D50
and endmember modeling results based on LD grain size analysis (vol-
ume percentage) (Fig. 2). This further indicates that the silty and sandy
fractions (N16 μm), measured by Qicpic DIA, are precisely and reliably
documented, and that any disparities between the Qicpic and LD grain
size distributions (Figs. 4 and 5) represent a systematic offset.

It is notable that DIA tends to underestimate the clay fraction in bulk
sediments, and, as a consequence, the grain size spectra are more
skewed towards coarser particles than in LD results (Figs. 4 and 5).
This is probably because the pixel size of the Qicpic camera currently
used is 2 × 2 μm, and small particles are consequently (partly) out of
focus and fail to be imaged by the camera. Thus, in this study, the size
limitation for the precise analysis of particles is set at 16 μm. Tysmans
et al. (2006) applied DIA using different equipment (RapidVue,
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Beckman Coulter Company) to examine silty loess from Belgium. These
authors similarly indicated that DIA measurements are more accurate
for larger particles with a finer resolution, and consequently the lower
particle size limit of their study's analyses was set at 20 μm. Neverthe-
less, the accuracy of DIA in measuring finer particles could be improved
in the future by increasing the camera's resolution.

It was also observed during the course of this study that transparent
particles may not have been fully imaged by the Qicpic camera, which
have resulted in the image representing a smaller projection area than
the actual one. Thus, the sphericity calculated according to the projec-
tion area of the particles tends to be underestimated (Supplementary
Table S2 and Supplementary Fig. S2). In this case, sphericity should be
carefully used when defining variations in particle shape. The aspect
ratio appears to be more reliable in describing the actual shape charac-
teristics of particles in the current setting.

4.2. Transport pathways as revealed by DIA grain size records in the
Quaternary loess-palaeosol sequences

Endmembermodeling of the grain size distributions of loess samples
reveals a clear spatiotemporal pattern along the four loess-palaeosol se-
quences during the last two glacial and interglacial periods (Fig. 2). The
loess units are mainly composed of coarse EM1 and EM2, while the
palaeosol units are characterized by a high proportion of fine EM3.
Spatially, the sandy EM1 and silty EM2 decrease from the northern HX
section to the southern DJP section, while the clayey EM3 increases
from the northern section to the southern sections. DIA also successfully
differentiates loess units from poorly- and well-developed palaeosol
units, as indicated by the numbers of coarse grains in the sediments
(Fig. 6). Loess samples are characterized by high numbers of coarse
silty (N32 μm) and sandy (N63 μm and 125 μm) particles, whereas
palaeosol samples contain relatively smaller numbers of coarse grains.

Previous studies have indicated that loess on the CLP is transported
from the adjacent arid desert areas by northerly and northwesterly
monsoonal winds (Liu and Ding, 1998; Lu and Sun, 2000; Nugteren
and Vandenberghe, 2004; An et al., 2014) and/or is first carried by the
Yellow River to the Yinchuan-Hetao Graben (the Yellow River flood-
plain), and from there transported by winter monsoonal winds to the
Mu Us Desert, and eventually to the CLP (Stevens et al., 2013; Nie
et al., 2015). During aeolian transport, the heavy, coarse particles first
descend in the proximal area near the source region (i.e. the northern
CLP), while the light and fine material is released later over intermedi-
ate and distant areas (i.e. the central and southern CLP). Thus, a sedi-
mentation gradient is apparent on the CLP from north to the south
(Ding et al., 2002; Kohfeld, 2003; Nugteren and Vandenberghe, 2004;
Prins et al., 2007). The Qicpic DIA also clearly characterizes such a gradi-
ent in the grain size records of the loess-palaeosol sequences on the CLP
during the last two glacial and interglacial periods which is consistent
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with the endmember modeling of the grain size records from LD analy-
ses (Fig. 2). Our DIA of the four loess-palaeosol sequences reveals a de-
creasing trend in the numbers of particles in the N32 μm, N63 μm and
N125 μm size fractions from the northern HX section to the southern
DJP section. In addition, the particle numbers in coarse silty and fine
sandy fractions (N32 μm, N63 μm and N125 μm) are significantly higher
in the loess units than in the palaeosol units, and the gradient is more
prominent in the loess units than in the palaeosol units of the four
loess sequences (Fig. 6 and Supplementary Fig. S4). This indicates that
the spatial variation in grain sizes from the four loess sections is more
marked during the glacial (L1 and L2) than the interglacial periods (S1
and S2) (see Fig. 6m, n, o). Prins and Vriend (2007) also observed a
marked north-to-south decrease in the flux rate (EM1 and EM2) in
the loess units L1-1, and a less steep spatial trend in the palaeosol unit
S1. These results all indicate the occurrence of strong storm events
and/or strengthened N-NW monsoonal winds during glacial periods,
and a weaker dust supply pattern during interglacials.

Pye (1994) suggested that it is possible to use the rate of change in
grain size, roundness and sphericity to make inferences about temporal
changes in the provenance of dust material and the dust-transporting
winds that blow across the CLP. It is still under debatewhether temporal
shifts exist in the provenance of Quaternary dust. Based on single-grain
zircon U-Pb age dating, Xiao et al. (2012) suggested a varying aeolian
provenance for the sediments of the CLP over glacial-interglacial cycles.
Bird et al. (2015) also indicated that the provenance of loess and
palaeosol units varies through time, but that the shifts are not consistent
with changes between glacial and interglacial periods, and vice versa.
However, Che and Li (2013) inferred that no spatiotemporal heteroge-
neities of zircon ages have in fact been observed for the dust deposits
on the CLP. A recent study based on a large dataset of detrital zircon
U-Pb ages (Licht et al., 2016) demonstrated that the sources of glacial
loess and interglacial palaeosols cannot be easily differentiated, since
the source signature for the interglacial palaeosols is significantly damp-
ened by the recycling of older loess. No distinctive temporal trends are
seen in the grain shapes of loess and palaeosol samples during the
Quaternary from our DIA results, either. Therefore, our results likely
indicate that particles in the loess and palaeosol units have at least
been subjected to an analogical shape-sorting process during their
transportation.

4.3. Aeolian origin of the Red Clay deposits as indicated by grain size and
shape inferred from DIA

DIA reveals that the numbers of silty (N32 μm) and very fine sandy
(N63 μm) particles in the four Red Clay sequences are comparable to
those in the loess units of the southern CLP loess section (DJP), and in
the palaeosol units of the Quaternary loess-palaeosol sequences
(Fig. 8). This indicates that the composition of the coarse silty particles
in Red Clay deposits is very similar to that of the loess found on the
southern CLP, as well as to interglacial palaeosols. Previous studies
based on LDgrain size results have demonstrated that themean/median
grain size and the coarse fraction content in the bulk Red Clay samples
systematically decrease southward across the CLP (Miao et al., 2004;
Yang and Ding, 2004; Wen et al., 2005). Endmember modeling of the
grain size distribution of three Red Clay sections (Shang et al., 2016)
has also demonstrated that the BD Fmand JL FmRed Clays on the north-
eastern CLP are silt-dominated, while the DWon thewestern, and the LT
Fm Red Clays on the southern CLP are clay-rich (Supplementary Fig. S1).
Our DIA on the same Red Clay sections has also demonstrated such spa-
tial variations. The silty (N32 μm) and very fine sandy (N63 μm) particles
are more abundant in the BD and JL Fm on the northeastern CLP than in
the LT Fm andDWRed Clays (Fig. 8). Both the content of coarse silty par-
ticles in the Red Clay samples, and its southward decrease across the CLP,
suggest that coarse silty particles in the late Miocene-Pliocene Red Clays
are mainly windblown products and may have been subjected to trans-
portation processes similar to those experienced by theQuaternary loess.
The numbers of sandy fractions of size N125 μmand N250 μm in the bulk
samples of Red Clays in general are b10 ppm (Supplementary Fig. S6)
and b1 ppm, respectively, and are therefore not discussed in detail here.

In general, the shape distribution of particles in Red Clay samples
displays a similar pattern to that seen in Quaternary loess and palaeosol
samples, showing a decrease in the aspect ratiowith an increase in grain
size. In particular, the grain shape distributions in the DW Red Clay
largely overlap with the spectra of the loess and palaeosol units. This
is consistent with the field observation that the DW Red Clay on the
western CLP is uniform loessic Red Clay (Hao and Guo, 2004). The
grain shape distribution of particles in the BD Fm is also comparable
to that in the loess, PDS and WDS units in the 16–40 μm size range, in-
dicating a similar transportation process for these particles found in the
BD Red Clay, as compared to the Quaternary loess. The aspect ratio of
particles in the JL and LT Fm Red Clays (excluding sample LT-1) is
slightly higher than in the comparable loess and palaeosol units. This
may be partly attributable to strong chemical weathering processes
during soil formation that have altered the particles towards more
symmetrically-shaped silt particles in these two sections (Kaakinen
and Lunkka, 2003; Zhu et al., 2008; Shang et al., 2016). The lowermost
sample (LT-1) from the fluvial-influenced basal part of the LT Fm (Sup-
plementary Fig. S1) displays a size-aspect ratio spectrum distinctive
from the upper aeolian LT Fm Red Clay samples (Fig. 9a). This probably
suggests that DIA of particle shape is capable of distinguishing aeolian
from non-aeolian contributions in bulk sediments.

4.4. Shape sorting during the wind transportation of silty particles

The exact nature of shape sorting during the transportation of
aeolian sediments, particularly of silty particles, remains unclear.
Mazzullo et al. (1992) stated that aeolian transportation is very selective
regarding grain size and shape. Their results indicated that there is a
downwind increase in the roundness of quartz silty grains due to pref-
erential transport, or the shape sorting, of more rounded grains. They
explained that during aeolian entrainment, rounded (spherical) grains
are lifted to a greater height above the surface thanmore angular grains,
and can thus experience the greatest forward acceleration, traveling
more rapidly, and thus being transported to more distant areas, than
less rounded grains. However, Pye (1994) pointed out that because of
the relatively low mass of silt-size quartz grains, relatively little energy
is released when they collide during suspended transport, and, as a
consequence, the rounding of the edges of silty grains by chipping and
abrasion during inter-grain collisions is not significant. He further indi-
cated thatflatness, rather than roundness, is actually the principal shape
factor that influences differential settling rates, and that a flattened
grain will be transported further downwind than a spherical one be-
cause of the lower settling velocity of the former. Our results appear
to lend more support to the latter view. Based on the statistics for 0.8–
20 million particles per sample (Table S1), in the 35–63 μm size range,
the aspect ratio of coarse silty loess particles decreases from the HX to
the XF section, then to the XY section, and finally to the DJP section.
Assallay et al. (1998) also suggested that a significant proportion of
the quartz silty grains seen in the aeolian loess sediment are platy and
blade-shaped due to the high-energy comminution process which oc-
curs during the formation of silt-sized quartz particles. However, our
DIA currently provides only 2D images of these particles, and we are
therefore not always able to differentiate spherical grains from disc-
shaped grains. Our results indicate that in the coarse silt-sized fraction,
the larger size grains found at the more distant loess sites (sections XY
and DJP) are less symmetrical (low aspect ratio) and/or exhibit greater
numbers of flattened grains, at least in the loess units.

Our DIA results demonstrate a systematic patternwhereby the aver-
age particle aspect ratio decreaseswith an increase in grain size, indicat-
ing that small particles are on average more symmetrical than large
ones. The size-aspect ratio coupling holds for all loess samples despite
the site position, meaning that this phenomenon is related to aeolian



47Y. Shang et al. / Sedimentary Geology 375 (2018) 36–48
transport and sedimentation in general, i.e. characteristic for the sus-
pension transport/sorting process itself. We presume that this size-
shape pattern has implications for the settling velocity of the particles.
The fall velocity is influenced by the aerodynamic properties of particles
(surface area, particle shape and density), and their fluid properties, i.e.
density and viscosity (Újvári et al., 2016). Thus, for two particles with
the same density and volume, the one with a larger surface area will
have a smaller fall velocity and settles more slowly than that with a
smaller surface area. Therefore, a combination of grain size and shape
may group particles into distinct ‘aerodynamic endmembers’ which
might provide more quantitative information on the wind strength
present during the transportation of these ‘dynamic populations’ (cf.
Weltje and Prins, 2003) than the end-member modeling data do
which are solely based on LD particle size data. Our future research on
aeolian sediments will therefore focus on the end-member modeling
of combined particle size-shape data obtained by dynamic image
analysis.

5. Conclusions

This study sheds light on using the DIA of particle size and shape to
examine the transportation processes experienced by the silty particles
found in aeolian sediments.We evaluated the performance of theDIA of
grain sizes in samples from four loess-palaeosol sequences found across
the CLP in northern China. The results revealed that DIA successfully dif-
ferentiates loess units frompalaeosol units and, in addition, clearly char-
acterizes spatiotemporal variations in the grain size records of these
loess-palaeosol sequences for the last two glacial and interglacial pe-
riods. The results were consistent with grain size records derived from
LD analyses. DIA is also able to characterize spatial variations in the
grain sizes of the more fine-grained Red Clay deposits underlying the
Quaternary loess, and can probably distinguish any fluvial contributions
to Red Clay sequences. DIA of the grain shapes of loess-palaeosol se-
quences and Red Clay deposits revealed a systematic pattern whereby
aspect ratio decreased with increasing grain size, indicating that sys-
tematic shape sorting occurred during aeolian transportation of these
particles. This study therefore indicates that the DIA of grain size and
shape is a potentially useful tool for the reconstruction of the transpor-
tation pathways and for fingerprinting the source of silt-sized aeolian
sediments.
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