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Aeolian silt transport processes as
fingerprinted by dynamic image analysis
of the grain size and shape characteristics
of Chinese loess and Red Clay deposits
Based on: Shang Y., Kaakinen A., Beets C.J. & Prins M. A. (2017) “Aeolian silt transport

processes as fingerprinted by dynamic image analysis of the grain size and shape
characteristics of Chinese loess and Red Clay deposits”. Sedimentary Geology, doi:
10.1016/j.sedgeo.2017.12.001 (in press).

Abstract
This study applied dynamic image analysis (DIA; Sympatec Qicpic) to characterize
the grain size and shape of Chinese 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 by DIA with
that yielded by laser diffraction particle size analysis (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 consistent 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 fluvial 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 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 wind velocity/strength. Also evident was a subtle
but systematic downwind decrease 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)
83
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were transported farther downwind than more symmetrically shaped particles (with a
high aspect ratio). This study indicates that DIA of grain size and shape characteristics
can be an additional 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.

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 such as microscope particle sizing,
sieving, settling velocity measurements, 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 to understand the formation of the particles and in characterizing the transportation
processes experienced by sediments (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 been made to optimize particle shape analysis over the years.
In early attempts at such analysis, particle shape was often manually characterized by
using visual comparison diagrams based on the measurements of two-dimensional (2D)
combined axis ratios (Krumbein, 1941; Sneed and Folk, 1958; Blott and Pye, 2008).
Subsequently, 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 (>104 to
>106) of suspended sedimentary particles in just a few minutes. Thus, it theoretically
overcomes the problem inherited from traditional static image analysis of a limited
number of image results with low particle counts and large statistical errors. The same

Chapter 4

85

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 DIA methods in studying sedimentary
characteristics, particularly for silt-sized particles (Tysmans et al., 2006, 2009; Li et
al., 2015a). 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 composed of >60% silt particles (2-63 µm).
Their results indicate that combining both grain size and shape can be very useful when
reconstructing aeolian transportation processes, and can also discriminate loess deposits
transported by different wind strengths and under differing climatic conditions (Tysmans
et al., 2009). Li et al. (2015a) 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 Holocene and are mainly composed of mediumgrained (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 floodplain, the
mean grain size decreased as a function of increased sphericity. 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. (2015a) therefore suggested
that this method could be a potentially useful tool in the reconstruction of sedimentary

Figure 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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environments.
Here we applied the DIA method to characterize the grain size and shape of two distinct
units of dust deposits on the Chinese Loess Plateau (CLP, Fig.1) 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., 2013b; Nie et al., 2016; Shang et al., 2016).
Therefore, the two objectives of this study were to: (1) examine the performance 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

Figure 2. Loess-palaeosol stratigraphy, median grain size (MD), and the proportional contributions of
endmembers observed in the Huanxian (HX), Xifeng (XF), Xunyi (XY) and Duanjiapo (DJP) sections. The
inset (e) shows the modeled endmember distributions (from Prins and Vriend, 2007). The grain size and
endmember modeling data (all obtained using a Fritsch A22 laser diffraction (LD) particle size analyzer)
are taken from Prins and Vriend (2007) and references therein; the grain size and EM-proportion records
of the DJP section and the L2-S2 units of the HX, XF and XY sections are shown here for the first time.
The red dots mark the levels sampled for DIA (Sympatec Qicpic) and additional LD particle size analysis
(Sympatec HELOS).
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2.1. Loess and Red Clay sections
The locations of the studied loess and Red Clay sections are indicated in Figure 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 and Holocene period
(L0-S0-L1). In general, the Holocene 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). Similar to L1-2, subunit L2-2 also represents 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 diffraction (LD) analysis
(Sympatec HELOS) were selected based on variations 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). The
number of analyzed samples is 13 for the HX, XF and XY section and 6 for the DJP
section.
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., 2013b); 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 affected by fluvial processes, whereas the JL Fm is composed of finegrained 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
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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., 2013b).
Samples were selected based on their lithological characteristics and proportional
variations within the modeled endmembers (a high proportion of EM1/EM2 versus
a high proportion of EM3/EM4) for each Red Clay section (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
intensively weathered upper part of the section, and two from the lowermost coarsegrained part, in order to investigate the influence of chemical weathering and fluvial
processes on the particular characteristics observed in the distribution of grain size and
shape within the sedimentary strata.

2.2. Laser-diffraction grain size analysis and data treatment
For grain size analysis, ~0.5-1.0 g of bulk sediment was pretreated with H2O2 and HCl
to remove organic matter and carbonates, respectively, 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 Clay samples from the BD Fm were
analyzed using a Coulter LS200, and from the JL Fm (BD) and from DW using a
Sympatecs Helos KR laser diffraction 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 different 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 program developed by Blott and
Pye (2001).
Mixing models of these grain size distributions were produced to facilitate 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 Quaternary 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

Chapter 4

89

Prins et al. (2007), but the data for the L2-S2 units 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 a measuring time of 5 min. The pretreatment procedure for the DIA
samples is similar to that for samples subjected to LD grain size analysis, and ensures
that the samples are well dispersed during 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 diameter, i.e., the diameter of the equivalent projection
area of a circle, and the minimal, maximal and mean 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 (Supplementary Fig. S2, 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 as many angles (0°…180°) as possible are calculated, and the mean value of the
Feret diameters for all orientations is then used (Fig. 3). Replicate analyses of a series
of glass bead and loess samples indicate that the analytical uncertainty, expressed as the

Figure 3. An illustration of a 2D image of particles and measurement of the Feret diameter and calculation
of Feret mean by Qicpic DIA.
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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
results 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 symmetrical 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 per million
(ppm) of the total number of particles analyzed (bulk sample), and in the fraction >16
µm. As our focus was on the silt and (very fine to medium) sand fraction, we reported
the particle counts of the >32 µm, >63 µm, >125 µm and >250 µm fractions for detailed
analysis.

3. Results
3.1. LD grain size records and endmember modeling 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 Figure 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 north to south decreasing 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 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.
The HX 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
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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
additional contribution from EM2, in the L1-1 loess unit.

3.2. Comparison between the LD- and DIA-determined
grain size distributions of Quaternary loess
Figure 4 and Supplementary Figure S3 present a comparison of the median grain size
values obtained using the Qicpic, Helos and Fritsch devices for the four loess sections.
The scatter plot in Figure 4a highlights the strong correlation between the grain size data
obtained using the two LD devices, the Fritsch Analysette 22 and the Sympatec HELOS
KR. The linear regression (y = 0.78ϰ + 1.16, r2=0.98) between the two datasets indicates
that they are highly consistent, although the Fritsch device tends to produce much lower
median grain sizes compared to the Helos device (slope a = 0.78).
Comparisons between the data produced by the Qicpic device versus 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 QicpicFritsch comparison, 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

Figure 4. Comparison of median grain size (D50) measurements made by Qicpic DIA and LD devices
(Fritsch and Helos) for samples from the HX, XF, XY and DJP loess sections. (a) Comparison of D50
measured by two LD devices (Fritsch and Helos); (b) comparison of D50 measured by Qicpic DIA and
Fritsch LD devices; (c) comparison of D50 measured by Qicpic DIA and Helos LD devices. The median
grain size from each instrument was calculated using the GRADISTAT program developed by Blott and Pye
(2001).

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 the Qicpic device and the two LD devices
(Fig. 5). This revealed that the Qicpic device 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 the HX section, 44 µm for the XF section, 37 µm for the XY section 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 comparable to the mode obtained using the two
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LD devices, although the Qicpic mode is slightly coarser than that given by the Helos,
and especially the Fritsch device. From the displayed loess and palaeosol grain size
distributions, it is also notable that the Qicpic device clearly underestimates the number
of particles in the fine tail of the grain size distributions compared to the two highly
comparable LD distributions. This 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 (‘HX S1-a’, Fig. 5e). In

Figure 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 Figure 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.

general, however, the devices show very comparable results above ~16 µm (Fig. 5b-d,
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 >32 μm, >63 μm, >125 μm and >250 μm for samples
from each of the four loess sections are visualized in Figure 6, which highlights in great
detail the most significant spatiotemporal 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
>32 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, 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 >32 µm data of the
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other three loess-palaeosol sequences (XF, XY and DJP) (Fig. 6a, e). These trends are
also reflected in the particle counts for the HX section in the >63 µm and >125 µm
fractions; clear temporal trends in the >250 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 >63 µm ranges from 1.6 × 103 to 2.7 × 103 ppm
(Fig. 6b, f), whereas in the >125 µm size fraction, the number of particles ranges from
19 to 76 ppm (Fig. 6c, g), and from 0 to 2 ppm in the >250 µm size fraction. In the PDS
sample, between the interstadial units L1-2 and L2-2, the number of particles in the >63
µm, >125 µm and >250 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>63 µm, >125 µm
and >250 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 >63 µm and >125 µm
fractions. This is highlighted in Figure 6m-p, in which the average number of particles
in different size classes is summarized for all four sections. These figures clearly show

Figure 6. Particle counts in the coarse silty (>32 μm) and very fine to medium sandy fractions (>63 μm,
>125 μm and >250 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 Fig. 6a-l) refer to the notation used in Figure 2. Abbreviations used in Fig.
6m-b: L = loess; PDS = poorly-developed palaeosol; WDS = well-developed palaeosol.
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a decrease in the ‘coarse’ particle numbers from the glacial loess units to the interstadial
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 Figure 6m-p, in which the average compositions of the loess,
PDS and WDS units (Fig. 2) are presented. For example, the average number of particles
>32 µm in the glacial loess samples (‘L’ in Fig. 6m) is 22.5 x 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 >63 µm (Fig. 6n) and >125 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 >250 µm fraction also shows an apparent spatial trend in the loess (L) units
(Fig. 6p), but considering the large spread in the data (see Fig. 6d, h), and the very low
particle counts (<1 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 >32 µm, >63 µm, and even the >125 µm fractions,
although these trends are not as striking as in the glacial loess units. The spatial trends
in the average PDS compositions are not described in detail here; they are intermediate
between the loess and the WDS compositions. The average number of particles of size
>32 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 >63 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
do not show any (clear) spatial trends: less than 1 ppm of particles of size >125 µm is
found in the WDS units, except in the HX section, in which their concentration reaches
a meager 1.6 ppm; the number of particles >250 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 <16 µm. Thus, in 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 >32 µm, >63 µm, >125 µm and >250 µm) based on the numbers of particles >16
µm (Supplementary Fig. S4). The recalculation increased the number (×10) of counted
coarser particles in the bulk sediments, thus highlighting the compositional trends in
the coarse tails of each of the grain size distributions in more detail. Nevertheless, the
spatiotemporal patterns are very similar to those indicated in Figure 6, and will therefore
not be explained in detail here.
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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 distributions (Supplementary Fig. S5). Although large variations have been
observed in the coarse ends (>80 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 1663 µm size fraction, for which abundant particles were measured (Fig. 6, Supplementary
Fig. S4) in an attempt to illustrate the average shape distribution of samples from loess,
PDS and WDS units for the HX, XF, XY and DJP loess sections (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 increasing 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

Figure 7. Average grain shape distribution spectra with error bars for samples from the loess (L), poorlydeveloped 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 loess sections: (e) loess units; (f) poorly-developed
palaeosols; and (g) well-developed palaeosols.
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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 northern CLP reveals that for particles in the 16-35
µm size 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 aspect
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 variation in the aspect ratio between loess and palaeosol units. The XY section
on the southern CLP in turn demonstrates that in the 16-63 µm size range, the aspect
ratio of particles in the WDS 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.
Figure 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 <30 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 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 late MiocenePliocene Red Clays as revealed by DIA
Figure 8a-c display the number of particles of sizes >32 µm, >63 µm and >125 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 the Qicpic DIA for loess sediments
is likely limited to particles >16 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 >16 μm, instead of the numbers of particles within the whole bulk
sample (Supplementary Fig. S6). No major temporal variations were observed in the
number of particles in the >32 μm and >63 μm size fractions throughout individual Red
Clay sequences (Fig. 8a, b), while for particles of size >125µm, the counts demonstrate
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 particles of size >32 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 >63 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 Fm Red 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
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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 sequence. Spatially, it is clear that the BD and JL
Fm Red Clay on the northeastern 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).

Figure 8. Average numbers, with error bars, for particles of size fractions: (a) >32 μm; (b) >63 μm; and
(c) >125 μm observed in Red Clay samples from the BD, JL, DW and LT compared to the quantities of
these fractions seen in the loess (L), poorly-developed palaeosols (PDS) and well-developed palaeosols
(WDS) of the Quaternary loess-palaeosol sequences (HX, XF, XY and DJP). Note that the calculations
are based on the numbers of particles of size >16 µm instead of the total particle counts from the bulk
samples.

However, a notable number of ‘giant’ particles (>125 μm) has also been observed in both
the JL Fm Red Clay of the northern CLP, and the LT Fm Red Clay of the southern CLP.
This number is comparable to that observed in the XF loess units.
Supplementary Figure S8 shows the grain shape distributions of samples from the four
Red Clay sections. In general, no obvious temporal variation was observed in the aspect

98

Provenance and sedimentology of Red Clay and loess in northern China

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. 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 Red Clay, and 0.72 to 0.55 in the LT Fm Red Clays. Notably, Red Clay sample
LT-1, at the bottom of the LT Fm, is prominent because of its distinctive grain shape
distribution spectra compared to the other samples (Fig. 9a, Supplementary Fig. S8).
Particles in the 16-55 µm size range in the LT-1 sample display a noticeably lower aspect
ratio than in the overlying samples.
In Figure 9b-d, we compare the averaged grain shape distribution of Red Clay with
that of loess, PDS and WDS 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. 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.

Figure 9. Average grain shape distribution for silt-sized particles (16-63 μm) in the samples taken from Red
Clay sections (a, with error bar), compared with loess (b) and palaeosol samples (c and d).
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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 >16 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 addition, 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 (volume
percentage) (Fig. 2). This further indicates that the silty and sandy fractions (>16 µm),
measured by Qicpic DIA, are precisely and reliably documented, and that any disparities
between the Qicpic and LD grain size distributions (Fig. 4, 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 (Fig. 4, 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, 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. Nevertheless, 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 projection area of the particles tends to be underestimated (Supplementary Table
S2, 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
characteristics of particles in the current setting.

4.2. Transport pathways as revealed by DIA grain size records
in the Quaternary loess-palaeosol sequences
Endmember modeling of the grain size distributions of loess samples reveals a clear
spatiotemporal pattern along the four loess-palaeosol sequences during the last two
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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 poorlyand 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
(>32 µm) and sandy (>63 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 floodplain),
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 intermediate
and distant areas (i.e., the central and southern CLP). Thus, a sedimentation 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 gradient in the grain size records of the
loess-palaeosol sequences on the CLP during the last two glacial and interglacial periods
which is consistent with the endmember modeling of the grain size records from LD
analyses (Fig. 2).
Our DIA of the four loess-palaeosol sequences reveals a decreasing trend in the numbers
of particles in the >32 µm, >63 µm and >125 µm size fractions from the northern HX
section to the southern DJP section. In addition, the particle numbers in coarse silt and
fine sand fractions (>32 µm, >63 µm and >125 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, 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-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 debate
whether temporal shifts exist in the provenance of Quaternary dust. Based on singlegrain 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
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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 heterogeneities
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., 2016b) demonstrated
that the sources of glacial loess and interglacial palaeosols cannot be easily differentiated,
since the source signature for the interglacial palaeosols is significantly dampened 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 (>32 µm) and very fine sandy (>63 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 LD grain size results have
demonstrated that the mean/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 Fm and JL Fm Red Clays on the northeastern CLP are silt-dominated, while
the DW on the western, 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 spatial variations. The silt (>32 µm) and very fine sand (>63 µm) particles are more
abundant in the BD and JL Fm on the northeastern CLP than in the LT Fm and DW
Red Clays (Fig. 8). Both the content of coarse silty particles 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 transportation processes similar to those experienced by the Quaternary
loess. The numbers of sandy fractions of size >125 µm and >250 µm in the bulk samples
of Red Clays in general are <10 ppm (Supplementary Fig. S6) and <1 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 ratio with 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, indicating a similar transportation process for these particles found in
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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 fluvialinfluenced basal part of the LT Fm (Supplementary 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 wind transport 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 preferential 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 than more 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
indicated that flatness, 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 because 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 occurs
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 pattern whereby the average particle aspect
ratio decreases with an increase in grain size, indicating 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
transport and sedimentation in general, i.e., characteristic for the suspension transport/
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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 modelling data do which are solely based on LD particle size data. Our
future research on aeolian sediments will therefore focus on the end-member modelling
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 the DIA of grain sizes in samples from four loesspalaeosol sequences found across the CLP in northern China. The results revealed that
DIA successfully differentiates loess units from palaeosol units and, in addition, clearly
characterizes spatiotemporal variations in the grain size records of these loess-palaeosol
sequences for the last two glacial and interglacial periods. 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 sequences and Red Clay deposits
revealed a systematic pattern whereby aspect ratio decreased with increasing grain
size, indicating that systematic 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 transportation pathways and for
fingerprinting the source of silt-sized aeolian sediments.
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Supplementary material

Figure S1. Red Clay sections from the Baode Fm (BD), Jingle Fm (JL), Dongwan (DW) and Lantian (LT),
and the proportional contributions of the modeled endmembers in the four sections. The inset (d) shows the
modeled endmember distributions for the four Red Clay sections (from Shang et al., 2016). The figure is
modified from Figure 2 in Shang et al. (2016).
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Figure S2. The non-transparent and transparent glass beads and loess particles imaged by
the Qicpic sensor. G-1a and G-2a are opaque glass beads particles, while G-1b and G-2b are
transparent particles; L1-1a and L-2a are opaque loess particles, while L-1b and L-2b are
transparent ones.

Figure S3. Comparison of median grain size (D50) measurements made using Qicpic dynamic image
analysis (DIA) and laser diffraction (LD) devices (Fritsch and Helos) for samples from the HX, XF, XY and
DJP loess sections. (a-d) Comparison of D50 measurements between two LD devices (Fritsch and Helos)
for the four loess sections; (e-h) comparison of D50 measurements using Qicpic DIA, and Fritsch and Helos,
devices. The median grain size (D50) found using each instrument was calculated with the GRADISTAT
program developed by Blott and Pye (2001).
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Figure S4. Particle counts in the coarse silty (> 32 μm) and fine to medium sandy fractions (>63 μm, >125
μm and >250 μm) expressed in parts per million (ppm) with respect to the counts of particles > 16 µm in
the loess (L1 and L2) and palaeosol layers (S1 and S2) for the four loess sections (HX, XF, XY and DJP).
Sample IDs in Figures S4a-4i refer to the notation used in Figure 2. Abbreviations used in Figs. S4m-4b: L
= loess; PDS = poorly- developed palaeosol; WDS = well-developed palaeosol.
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Figure S5. Grain shape distribution spectra for individual samples from each loess section: (a) HX; (b) XF;
(c) XY; and (d) DJP.
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Figure
S6.
Average
numbers, with error bars,
for particles of sizes (a) >
32 μm, (b) > 63 μm and (c)
> 125 μm in the Red Clay
samples from the BD, JL,
DW and LT Fms compared
to the quantities of these
fractions in the loess (L),
poorly developed palaeosols
(PDS) and well developed
palaeosols (WDS) of the
Quaternary loess-paloesol
sequences (HX, XF, XY and
DJP). Note that calculations
are based on the numbers of
particles found in the bulk
samples.

Figure S8. Grain shape distribution spectra for individual samples from each Red Clay section: (a)
BD; (b) JL; (c) DW; and (d) LT.
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Figure S7. Grain size distribution of reprehensive loess (a),
palaeosol (b) and Red Clay (c) samples analysed by Qicpic. The
grey rectangles mark the modal sizes of the samples.
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Table S1. The total number of particles measured in the loess (a) and Red Clay (b) bulk samples. The
sample ID indicated in the Table refers to the notation used in Figure 2.
(a)

(b)
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Table S2. The grain size values for glass beads and loess particles as defined by Feret_Max, Feret_
Mean and EQPC, and the grain shape values for glass beads and loess particles as defined by aspect
ratio and sphericity.

Provenance and sedimentology of Red Clay and loess in northern China

112

Table S3. The mean D50 (median) grain size and its related standard deviation
and coefficient of variation values based on replicate Qicpic analyses of (a) three
glass bead samples and (b) eight loess (Huanxian) samples.
(a)
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(b)
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Trace elements of detrital quartz as a
provenance tool for Red Clay and loess in
northern China
Based on: Shang Y., Kaakinen A., Fusswinkel T., Prins M.A. & Beets C. J. (2017) “Trace
elements of detrital quartz as a provenance tool for Red Clay and loess in northern
China”. In submission to Aeolian Research.

Abstract
The provenance analysis of aeolian loess and Red Clay sediments of northern China is
essential for understanding Quaternary and late Neogene environments and atmospheric
patterns. In this study, we introduce a new approach to characterise the provenance
of detrital quartz from Chinese loess and Red Clay deposits, utilising laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS). Trace elements in quartz
were analysed for Quaternary loess samples of the Mangshan Plateau in central China,
late Miocene-Pliocene Red Clay samples from Baode in the northeast Chinese Loess
Plateau and sand dune samples from the major deserts in northern and western China.
Three trace elements (Li, Ti and Sc) in quartz are presented here, and the data indicate
that Qaidam Basin has a similar trace element distribution in quartz to the Quaternary
loess of the Mangshan Plateau, implying a significant contribution of debris from
Qaidam Basin to the loess deposits of northern China. The data also suggest a possible
dust supply from the Taklimakan Desert to the Baode Red Clay, as demonstrated by
the similarity of the Ti and Sc contents in the quartz grains. The provenance signature
indicated by the Ti and Sc contents of quartz in general is consistent with the previous
interpretation based on zircon U-Pb ages. The results also indicate that the Sc content in
quartz might be a potential source indicator for aeolian loess and Red Clay. This study
sheds light on the application of in situ quartz trace element analysis by LA-ICP-MS in
tracking the sources of wind-blown sediments.
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1. Introduction
Interbedded loess and palaeosol sequences are widespread in the Chinese Loess
Plateau (CLP) of northern central China, which have been regarded as one of the best
terrestrial archives for the Quaternary glacial and interglacial events of East Asia (Liu,
1985; Derbyshire et al., 1995; Liu and Ding, 1998; Smalley et al., 2014). The so called
“Hipparion Red Clay” deposits underlying the Quaternary loess-palaeosol succession
extend the stratigraphy into the Neogene (An et al., 2001; Guo et al., 2004; Flynn et
al., 2011; Kaakinen et al., 2013; Zhang et al., 2013b). These sediments are considered
as primarily wind-blown dust, and their formation on the CLP has been linked with the
onset of Asian winter monsoon, the progressive aridity of East Asia and uplift of the
Tibetan Plateau (An et al., 2001). Provenance analysis of these sediments has become
essential for understanding the wind pattern, climate conditions and tectonic activities of
North China during the Cenozoic Era.

Figure 1. Digital elevation model (DEM) map of northern China (modified after Shang et al., 2016). The
major deserts and sand lands in northern China, the course of the Yellow River and the Chinese Loess
Plateau are indicated. The dark grey arrows indicate the direction of winter monsoon winds and the light
grey arrows indicate the westerly jet. The white dots mark the location of the studied Mangshan loess and
Baode (Jingle) Red Clay sites while black dots indicate the sampling sites of the samples from the major
deserts of China. For a detailed description of the samples, refer to Table.1.
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A variety of tools have been utilized to investigate the source of the Chinese loess and
Red Clay deposits, including grain size analysis (Ding et al., 1998; Guo et al., 2001;
Lu et al., 2001), whole bulk geochemistry (Ding et al., 2001a; Guo et al., 2001; Liang
et al., 2009), isotopic composition (e.g. Pb, Nd and Sr) (Sun, 2002; Chen et al., 2007;
Wang et al., 2007; Rao et al., 2008; Sun and Zhu, 2010; Chen and Li, 2013), heavy
mineral assemblage (Stevens et al., 2013; Nie et al., 2014) and single grain zircon U-Pb
chronology (Pullen et al., 2011; Xiao et al., 2012; Che and Li, 2013; Stevens et al., 2013;
Nie et al., 2014; Licht et al., 2016b; Shang et al., 2016; Zhang et al., 2016). Among these
methods, single grain zircon U-Pb dating has been used increasingly frequently, because
it provides more direct and precise indications of the signatures of individual sources
when distinguishing multiple sources (Stevens et al., 2010; Che and Li, 2013; Stevens
et al., 2013; Bird et al., 2015; Nie et al., 2015; Licht et al., 2016b; Shang et al., 2016;
Zhang et al., 2016). Earlier studies have considered the deserts north and west of the CLP
as being the main source areas for the CLP dust deposits (Fig.1; Liu, 1985). A recent
study based on zircon U-Pb age distribution data suggested that reworked Yellow River
sediments delivered from the Northern Tibetan Plateau account for the major source of
the late Miocene Red Clay and Quaternary loess deposits (Stevens et al., 2013; Bird et
al., 2015; Licht et al., 2016b; Shang et al., 2016; Zhang et al., 2016). One limitation in
using the zircon U-Pb age distribution for the provenance analysis of Chinese aeolian
deposits is that the western and northern deserts in China show similar age peaks in the
zircon age distribution, which would prevent the zircon U-Pb age components from
being diagnostic of a single source. In addition, routine analysis of the zircon U-Pb age
requires extensive preparation, e.g. heavy liquid separation, magnetic separation and
handpicking, which is laborious and time consuming.
In this study, we introduce the use of trace element signatures in quartz analysed by laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) to track the source
for the late Neogene and Quaternary aeolian dust in northern central China. Quartz is
one of the primary rock-forming mineral during the rock cycle and is very common
in sedimentary rocks. More importantly, it is relatively resistant to weathering during
transport. Compared to the heavy mineral zircon, it has a much lower density, which
means that it is easily transported over long distances during aeolian processes, and can
thus be indicative for the relatively distal source areas. In addition, quartz grains account
for a much larger proportion of the sediments than zircon and can be efficiently separated
from the bulk sediments. The trace element distribution in the quartz crystal lattice is
determined by the physicochemical conditions when the mineral crystallized (Götze,
2009 and references therein). Thus, the distribution of trace elements in quartz provides
information on the petro-genetic history of the quartz and represents a geochemical
fingerprint of the quartz grains and their parent rock (Dennen, 1967; Flem et al., 2002).
For example, Ackerson et al. (2015) suggested that quartz grains with magmatic origin
generally have a Ti content of >20 ppm, while quartz grains generated from nonmagmatic system exhibit a low Ti content (<20 ppm) and variable Al content. It was
also shown that plastic deformation and recrystallisation under metamorphic conditions
can purify quartz grains, resulting in uniformly low contents of Li, Al, Pb, Rb, Sr, and
Y. By contrast, hydrothermal quartz often shows higher concentrations of the above
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elements, reflecting the chemical compositions of the hydrothermal fluids (Kempe et
al., 2012; Monecke et al., 2002). There is a long history of provenance study based
on the structural analyses of detrital quartz in sedimentary rocks by means of optical
microscopy and scanning electron microscope cathodoluminescence (CL) imaging
(Dennen, 1967; Suttner and Leininger, 1972; Kempe et al., 2012). However, the trace
elements of quartz grains characterized by ICP-MS have not been commonly applied in
sediment provenance analysis. One case study was reported by from Müller and Knies
(2013), who analysed the quartz grains of ice- rafted debris in the North Atlantic–Barents
Sea based on a combination of scanning electron microscope, backscattered electron and
CL imaging, as well as LA-ICP-MS. Their results indicated that trace elements and CL
of detrital quartz in Arctic marine sediments can be a potential source indicator for the
ice rafted debris (IRD). More recently, another case study from a small catchment (the
Bega River catchment, New South Wales, Australia) also demonstrated the usefulness
of trace element in quartz to fingerprint the source of detrital quartz in modern sand
sediments (Ackerson et al., 2015).
Compared to IRD (>500 µm) and modern river (150–1500 µm) sediments, the aeolian
loess and Red Clay sediments of northern central China are much finer and primarily
of silt-size (20–60 µm). The main purpose of this study was to extend the provenance
analysis based on single grain detrital quartz geochemistry to these finer aeolian
sediments. By comparing the trace element concentrations in quartz grains from the
aeolian loess and Red Clay sediments with those from the potential source areas, we aim
to establish the indicative source signatures for the loess and Red Clay samples from the
trace element content in quartz.

2. Material and methods
2.1. Sample collecting
We collected three Red Clay samples from the well-known “Hipparion Red Clay” sites
in the Baode area (Zdansky, 1923; Zhu, 2004; Flynn et al., 2011; Kaakinen et al., 2013),
which is located in the northeastern boundary of the CLP (Fig. 1 and Fig. 2a). In this
region, Neogene sediments underlying the Quaternary loess-palaeosol sequences are
grouped into two Red Clay formations (Fig. 2): the late Miocene Baode Fm and Pliocene
Jingle Fm. The Pliocene Jingle Fm is composed exclusively of fine-grained deposits
and exhibits a deeper red colour, while the underlying Baode Fm shows a more variable
lithology and overall upward-fining succession with infrequent sheet conglomerate beds
(Zdansky, 1923; Kaakinen et al., 2013). Magnetic polarity stratigraphy (Kaakinen et al.,
2013; Zhu et al., 2008) has demonstrated that the Baode Fm started to accumulate 7.23
Ma ago and the Jingle Fm represents the time interval 5.34–2.72 Ma.
Two loess samples were collected from the loess-palaeosol sequence in the Mangshan
Plateau of central China, along the lower reach of the Yellow River (Fig.1). The loess
sequence in the Mangshan Plateau is about ~170 m in thickness and consists of a number
of loess and palaeosol alternations (Ji et al., 2004; Jiang et al., 2004; Zheng et al., 2007;
Qiu and Zhou, 2015). Significant sedimentological variation has been observed in the
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Figure 2. Lithostratigraphy of the study sites: (a) Baode and Jingle Formation, (b) Mangshan loess-palaeosol
sequence. The red dots mark the levels of samples collected for analyses of the trace elements in quartz.
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Table 1. Sample description
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Mangshan strata, with the upper part (palaeosols S0–S2, loess units L1 and L2) of the
sequence displaying extremely high sedimentation rates and coarser grained particle
fractions in comparison with the lower part of the profile (palaeosols S3–S10, loess units
L3–L10). This is suggested to be related to increased sediment delivery from the Yellow
River after ~225 kyr ago (Zheng et al., 2007). We collected one sample (MS-L2) from
loess unit L2 in the upper part of the sequence and one sample (MS-L5) from loess unit
L5 in the lower part of the sequence (Fig. 2b) to investigate any differences in source
signals between the upper and lower parts of the sequence.
Zircon U-Pb dating has also been carried out for the same Red Clay and loess samples
used in this study to analyse the trace element composition in quartz (Table. 1). Samples
representing the potential source areas of Red Clay and loess deposits were collected
from the major deserts and inland basins of northern and western China, including the
Mu Us Desert, Tengger Desert, Qaidam Basin and Tarim Basin (the Taklimakan Desert).
The zircon U-Pb age data for the desert areas were compiled from previous publications.
A detailed description of the sample locations and their characteristics is presented in
Table 1.

2.2. Sample preparation
Following the procedure described by Konert and Vandenberghe (1997) regarding
sample preparation for grain-size analysis, carbonate and organic matter were removed
from the bulk Red Clay and loess samples. Well-dispersed samples of approximately
0.5 g were then placed in a 50-ml beaker with 5 ml 3% HNO3 in an ultrasonic bath to
remove clay minerals from quartz for about 10 minutes. The samples were then washed
for 3–5 times until they became “clean” i.e. free of surface contamination. About 120
quartz grains for each sample were randomly selected by hand-picking under an optical
microscope and mounted on a 1.2-mm-thick glass slide with a thin resin layer covering
the quartz grains in order to fix them onto the slides during laser ablation.

2.3. Laser-ablation ICP-MS analysis of trace element
concentrations in quartz
Analysis of trace element concentrations in quartz was performed using an Agilent
7900s ICP mass spectrometer coupled with a Coherent GeoLas Pro MV 193 nm
excimer laser-ablation system at the University of Helsinki. The operating parameters
of the mass spectrometer and laser ablation system are summarized in Table 2. The
system was optimized daily to ensure high sensitivities and low oxide (ThO/Th <0.3%)
and doubly charged production rates (Ca2+/Ca <0.4%), as well as optimum ablation,
transport and plasma conditions (U/Th ~ 1.00 ± 0.02). The instrument accuracy for 39
elements was monitored daily by measuring the composition of NISTSRM612 synthetic
glass standards using NISTSRM610 as the external standard, and were accepted if the
concentrations were within 5% of the preferred values and the propagated uncertainties
associated with NISTSRM610 and NISTSRM612 (Spandler et al., 2011)
The SILLS software package was used for LA-ICP-MS data reduction (Guillong et
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al., 2008). Sample measurements were bracketed by analyses of NISTSRM610, which
was used for external standardization and for correction of instrumental drift. Silicon
was used as the internal standard and a uniform composition of 100 wt % SiO2 was
assumed for all analysed quartz grains. The accuracy of the quantification procedure
was monitored by additional measurements of quartz standard B6 with each set of quartz
analyses (Audétat et al., 2015).
Table 2. Summary of instrumental parameters of the LA-ICP-MS system
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2.4. Statistical approach for trace elements composition in
quartz
The non-matrix Multi-Dimensional Scaling (MDS) maps (Vermeesch, 2013) were used
to visualise the (dis)similarities between the trace element of quartz datasets of Red
Clay, loess and the desert samples from potential source areas. This MDS technique
was developed based on the Kolmogorov-Smirnov (KS) statistic to measure the
dissimilarities between the trace elements distributions of different samples, and provides
an efficient and quantified way to compare large datasets (Vermeesch, 2013). Despite
some limitations, such as the inability of the KS effect to capture the full richness of the
entire probability distributions and sensitivity to the strongest signal, this method is able
to capture the main features of the datasets and was well practiced in the provenance
study based on detrital zircon U-Pb ages of Red Clay and Quaternary loess (Che and
Li, 2013; Stevens et al., 2013; Vermeesch, 2013; Nie et al., 2014; Bird et al., 2015).
MDS produces a simple two-dimensional map in which the “similar” samples plot close
together and “dissimilar” samples plot separately. In this way, it allows the interpretation
of large datasets to be simplified. The quality of the KS statistic model (goodness-offit) is expressed by the “stress value”, which is usually acceptable if less than 10%
(Vermeesch, 2013).
The Individual Differences Scaling (INDSCAL), a “3-way MDS” algorithm, was applied
to accomplish the integrated comparison of the three trace elements Li, Sc and Ti in quartz
and the zircon U-Pb ages between the loess, Red Clay and desert samples. According to
Vermeesch and Garzanti (2015), INDSCAL is a higher order superset of MDS that can
be used to integrate multiple proxies in a single comprehensive analysis. It allows the
comparison of datasets with a very different nature in a common framework. The output
of this algorithm fits the data with two sets of coordinates: the “group configuration”
and the “source weights”. The former describes the separation of the compared samples,
while the latter provides a “geological explanation” for such separation. We used the
newly released R package “provenance” to plot the MDS map (Vermeesch et al., 2016).

3. Result
3.1. Sc, Li and Ti content in Quartz
We observed that among the 26 measured trace elements in quartz, many were regularly
under the limits of detection (i.e. 66Zn, 71Ga, 72Ge, 85Rb, 88Sr, 90Zr, 133Cs, 137Ba, 208Pb and
238
U), while others appeared to be very sensitive to surface contamination and were thus
unsuitable for provenance studies (11B, 23Na, 25Mg, 27Al, 31P, 34S, 35Cl, 39K and 42Ca).
After data reduction, only three isotopes (7Li, 45Sc and 49Ti) were found to consistently
be suitable for application as provenance tracers. The trace element compositions of
quartz in the analysed samples are illustrated in Fig.3 and supplementary Figure S1 and
the average detection limits of the three trace elements for the analysed samples are
summarised in Table.3.
Accurate determination of scandium concentrations in quartz is complicated by
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interference effects caused by the polyatomic 29Si16O interference with the 45Sc signal.
However, since the concentration of SiO2 is identical for all the samples and similar
and low oxide production rates were ensured through the daily tuning procedure of
the LA-ICP-MS system, the contribution of the interference to the Sc count rates and
concentrations is constant for all samples. In addition, the fact that systematic differences
in Sc concentration data are observed between samples from different source areas
proves that the magnitude of the interference effect must be relatively small and much
smaller than the geological variation. It follows that even though the accuracy of Sc
concentration data will be affected by this systematic error, the observed variation in Sc
can still be used for characterizing the trace element signatures of the quartz samples
used in this study.
Table 3. Average limits of detection for Li, Sc and Ti in the analysed samples

Quartz grains from the Qaidam Basin (QDM) display narrow variation in the Sc
content, which range from 0.25 to 0.9 ppm, while those from the Taklimakan Desert
(TKD) exhibit a relatively broad range, spreading from 0.5 ppm to 2.5 ppm (Fig. 3c
and Supplementary Fig.S1). Quartz grains of the Mu Us Desert (MUS) and the Tengger
Desert (TGR) display similar Sc contents, varying from 0.3 ppm to 1.6 ppm. The Sc
concentration in quartz grains of the two loess samples from the Mangshan section (MSL2 and MS-L5) are also very similar. The majority of quartz grains in the two Mangshan
samples show Sc contents in the range of 0.2–1.0 ppm, except for one grain of MS-L2,
with a content of 1.6 ppm. The Sc content in quartz grains of Baode (BD-1 and BD-5)
and Jingle Fm Red Clays (JL) varies from 0.3 ppm to 1.3 ppm. Only one grain from
BD-5 displays a high Sc content of 2.0 ppm.
Li contents of quartz vary in the range of 0.1~60 ppm for the Qaidam Basin, 0.1~34.2
ppm for the Taklimakan Desert, 0.9~88 ppm for the Mu Us Desert, 0.2~26.6 ppm for the
Tengger Desert, 0.4~21 ppm for Jingle Red Clay, 0.26~43 ppm (BD-5) and 0.16~53.4
ppm (BD-1) for Baode Red Clay, and 0.5~62.4 ppm (MS-L2) and 0.2~62 ppm (MS-L5)
for Mangshan loess (Fig.3b).
The composition of Ti in quartz yields a wide range in the analysed samples, varying
from a few ppm to more than 100 ppm (Fig. 3a). The Taklimakan Desert (15.6%) and
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Baode Red Clay (BD-1, 7.5% and BD-5, 14.3%) contain more quartz with a higher Ti
content (>100 ppm) while Jingle Red Clay (4.1%), Mangshan loess (MS-L2, 1.3% and
MS-L5 1.9%) and other desert samples (QDM, 3.5%, TGR, 2% and MUS, 0%) contain
less quartz with a high Ti content. More quartz grains with a lower Ti content (<20 ppm)
are found in the Mu Us Desert sample (54.7%), Mangshan loess (MS-L2, 41.1% and
MS-L5 38.5%) and Jingle Red Clay (JL, 40.4%) compared to the samples of Baode
Red Clay (BD-1, 25%, BD-5, 23%), the Tengger Desert (TGR, 25%), the Qaidam Basin
(QDM, 23%) and the Taklimakan Desert (TKD, 14%) (Fig. 3a).

Figure 3. The titanium (Ti), lithium (Li) and scandium (Sc) compositions in quartz from a sample of the
Baode Fm (BD-1 and BD-5) and Jingle Fm (JL), Mangshan loess (MS-L2 and MS-L5) and potential source
areas: the Mu Us Desert (MUS), Tengger Desert (TGR), Qaidam Basin (QDM) and Taklimakan Desert
(TKD).
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3.2 Comparison of sample shown by MDS map
As no significant temporal variations have been observed in the content of Li, Ti and
Sc in quartz grains within the Baode and Mangshan sections, we grouped the samples
from the individual sections together to increase the sample size and reduce statistical
bias. Samples BD-1 and BD-5 were combined as BD for Red Clay of the Baode Fm and
MS-L2 and MS-L5 were combined as MS for Mangshan loess. The MDS map based
on the Li distribution in quartz shows that the desert samples (Mu Us (MUS), Qaidam
(QDM), Tengger (TGR) and Taklimakan (TKD) lie close to each other, while the loess
samples of Mangshan (MS) cluster with the Red Clay samples of Baode (BD) and Jingle
(JL) in the map (Fig.4a). Figure 4b reveals that the Ti content in Baode Red Clay (BD)
is closely related to the Taklimakan Desert and the Qaidam Basin, while Mangshan loess
and Jingle Red Clay show similarities with the Qaidam Basin and the Mu Us Desert. In
fact, all the analysed samples show some similarities in the distribution of Ti: BD is close
to TKD and TKD also closely connected to QDM; quartz grains of the Qaidam Basin
display similarity to Tengger Desert sands, Jingle Red Clay and Mangshan loess, while
Mangshan loess shows resemblance to the Mu Us Desert sample. The distribution of Sc
in Fig. 4c indicates a close relationship between Mangshan loess (MS) and the Qaidam
(QDM) and Tengger (TGR) samples, while Baode (BD) and Jingle (JL) Red Clay form a
separate group with the Mu Us (MUS) and Taklimakan Desert (TKD) sands.
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Figure 4 (page 126). Multi-dimensional scaling (MDS) map for visual comparison of the trace elements: (a)
Li, (b) Sc and (c) Ti compositions of quartz from desert samples (Mu Us (MUS), the Qaidam Basin (QDM),
Taklimakan (TKD) and Tengger (TGR), Mangshan Loess sample (MS: combined sample of MS-L2 and
MS-L5) and Baode (BD: combined sample of BD-5 and BD-1) and Jingle (JL) Red Clay. (d) MDS map
for the zircon U-Pb ages of samples collected from the same area as the quartz samples. The stress values
for the four MDS maps are all below 3%, indicating a good fit of the data. The solid lines link the closest
neighbours and the dashed lines the second closest neighbours. The description and references for the zircon
samples are indicated in Table 1.

Figure 4d presents the zircon U-Pb age MDS plot for the loess, Red Clay and desert
samples from the potential source areas. It reveals that Mangshan loess (MS), Baode
(BD) and Jingle (JL) Red Clay are plotted closely and show similarity to the Qaidam
Basin (DZ-QDM) and the Mu Us Desert (DZ-MUS). Mangshan loess also displays a
similar zircon age signal to sands of the Taklimakan (DZ-TKD) and Tengger Desert
(DZ-TGR).
The integrated comparison of loess, Red Clay and desert sand sample for trace element
contents in quartz and zircon U-Pb ages is displayed in Figure 5. As can be seen in
the “group configuration” (Fig. 5a), the Mangshan loess sample (MS) lies horizontally
between the Qaidam Basin (QDM), Mu Us (MUS) and Taklimakan Desert (TKD) samples,
while Baode (BD) and Jingle (JL) Red Clay are plotted close to the Tengger (TGR), Mu
Us (MUS) and Taklimakan Desert samples. Vertically, Mangshan loess locates close to
the Qaidam Basin and Tengger Desert samples, while Jingle and Baode Red Clay plot
between the Qaidam Basin and Mu Us Desert samples. Figure 5b illustrates the degree
of importance that each of the four source proxies (zircon U-Pb ages, Li, Ti and Sc
contents) attach to the horizontal and vertical dimensions of the group configuration. It
shows that the zircon U-Pb age dominates the y-axis, whereas the Ti content dominates
the x-axis. Both Li and Sc locate in the middle of the map, but the Li concentration is
more horizontally weighted and the Sc concentration is more vertically weighted.

Figure 5. “3-way MDS” analysis of the trace elements composition of quartz and zircon U-Pb ages: (a)
‘group configurations’ of the source indicators (Li, Ti and Sc content and zircon U-Pb age) and (b) ‘source
weight’. The name and description of the samples refer to the description in Table.1.
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4. Discussion and outlook
Individual comparison of the three trace elements in quartz from samples of Quaternary
loess, Miocene-Pliocene Red Clay and modern desert sands reveal different scenarios.
As illustrated in Fig. 4a, quartz grains in desert samples of Mu Us, Qaidam, Taklimakan
and Tengger display a similar Li content, whilst those in loess and Red Clay samples
have a similar Li content. No clear link has been established between specific source
regions and either the loess sample or Red Clay sample based on the Li content in quartz.
This probably suggests that the Li content of quartz grains from the different source areas
is rather similar, and they cannot therefore be effectively differentiated from each other.
In addition, the analyses were based on a relatively small dataset (n = 37–70) (Fig.S1).
The distribution pattern of Li contents in quartz grains might be not fully represented,
thus causing bias in the results.
As revealed in Fig. 4b, quartz grains of both loess and Red Clay are closely related to
the Qaidam Basin in terms of the Ti content. Red Clay of Baode Fm and the Taklimakan
Desert are plotted together, indicating the similarity of the Ti content between Baode Red
Clay and Taklimakan Desert sand. However, it should be noted that the differentiation
of the Ti content in quartz for the analysed samples appears minor, as every sample in
the MDS map shows a direct or indirect connection to the other samples in terms of its
Ti content.
The Sc content in quartz separates the samples into two groups in the MDS map (Fig.
4c): Mangshan loess shows similarity with the Qaidam Basin and Tengger Desert. Baode
and Jingle Red Clay are close to the Taklimakan Desert and Mu Us Desert. Both the
Ti and Sc contents in quartz highlight the similarity of quartz grains of the Qaidam
Basin with the Quaternary loess deposits of northern China. This is comparable with the
provenance data on zircon U-Pb ages, in which the signatures of the Qaidam Basin and
the Northern Tibetan Plateau (NTP) dominate the zircon age signal of loess deposits in
the CLP (Fig. 4d) (Pullen et al., 2011; Nie et al., 2015; Licht et al., 2016b). In addition,
the source signature of the Taklimakan Desert is indicated in the Sc and Ti contents of
quartz of Red Clay, suggesting the possible contribution of aeolian quartz grains from
the Taklimakan Desert to the CLP since the late Miocene. Bian et al. (2011) suggested
that coarse dust grains can be transported from a distal source via “step-wise transport”.
Based on the zircon age distributions and trajectory modelling for the late Miocene dust
transport pathway of the CLP, Shang et al. (2016) also indicated that the aeolian dust
could be delivered from the Taklimakan Desert to the CLP. Compared to detrital zircons,
quartz grains with a smaller density can be more easily transported via such “step-wise
transport”. Therefore, the source signature characterised by the trace elements Ti and
Sc in quartz of this study is broadly in agreement with the previously published single
zircon U-Pb dataset, indicating that dust from the Taklimakan Desert contributed to the
quartz of the late Miocene Red Clay sediments.
We use a “3-way MDS” algorithm introduced by Vermeesch and Garzanti (2015) to
extract a geologically meaningful integrated comparison of the three trace elements
plus the zircon U-Pb age. As indicated in Fig. 5b, the zircon U-Pb age attach a strong
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weight to the y-dimension, while the Ti content in quartz is more heavily weighted in the
x-dimension. Li lies close to Sc in the map, but attaches greater weight to the x-dimension.
This probably indicates that the Ti and Li contents in quartz have a different signature
interpretation as zircon U-Pb age. Sc in quartz appears to hold a similar provenance
signature to the zircon U-Pb age, which also shows a higher weight on the y-axis.
However, detailed geological interpretation of the distribution of Sc contents in quartz
requires further investigation. In figure 5a, all the samples are nearly equally distributed
in the plot (Fig. 5a) and no strong similarities are indicated between samples. This may
result from the mixed nature of the quartz grains from both the source area and from the
loess and Red Clay deposits, which prevents the trace element concentrations in quartz
from being diagnostic.
The quartz grains from the desert considered as the potential source for the aeolian loess
and Red Clay are weathering products from the surrounding mountain belts. Sands in
the Taklimakan Desert are ultimately weathered debris from Tianshan Mountains and
West Kunlun Mountains (Fig.1). Aeolian sands in the Tengger Desert and the Mu Us
Desert northwest and north to the CLP are comprised of sediments weathered from the
North China Craton and delivered by rivers from the Qilian Mountains and Gobi Altay
Mountains (Fig.1). Aeolian sands in the Qaidam Basin are primarily sourced from the
Qilian Mountains and Kunlun Mountains. Various types of rocks are present and overlap
in these mountain belts. For instance, Al-poor and Ca-Mg- and alkali-rich granitoids are
present in the West Kunlun Mountains, Tianshan Mountains and the North China Craton.
Low green schist facies of regional low-temperature dynamo-metamorphism distribute
in the Qilian Mountains, Tianshan Mountain and West Kunlun Mountains (Ma, 2002).
The signature of the source rock carried by quartz grains has been mixed twice: from the
bedrock to the desert sands and from the desert sands to the aeolian loess and Red Clay
of northern China. This would result in substantial overlap in the geochemical signal of
quartz from different areas and make it difficult to pinpoint the exact provenance for the
loess and Red Clay.
As suggested by Ackerson et al. (2015), the determination of the original context of
quartz using trace elements requires simplification and grouping of quartz-forming
environments, as well as understanding of regional geology. Concerning the provenance
analysis of aeolian loess and Red Clay, a more detailed and substantial geochemical
study of the regional quartz is necessary. The trace elements in quartz of the multiple rock
types in northern and western China need to be analysed in order to better constrain the
regional source signature represented by quartz geochemistry. By directly comparing the
trace element contents in quartz of desert sands and the surrounding rocks, the relative
contributions of specific rock types to the mixed aeolian deposits can be quantified. In
addition, the numbers of detrital quartz grains should also be increased in future analysis
in order to improve statistic robustness and to cover a sufficient range in the distribution
of trace element contents of quartz. Al is one of the major trace elements incorporated into
the quartz lattice. Utilization of Al combined with other trace elements will be useful in
discriminating different quartz-forming environments (Müller et al., 2002; Breiter et al.,
2013; Ackerson et al., 2015). Data on the aluminium content in quartz are not presented
here. This is because the Al signals were variable and highly inconsistent as ablation
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proceeded, possibly due to varying degrees of surface material being ablated when
drilling into the grains. The experimental technique for preparing quartz sample from
sediments of clay-silt size requires improvement to reduce the surface contamination
and allow more trace elements in quartz to be detected.

5. Conclusions
The distribution of three trace elements, Li, Ti and Sc in quartz grains from deserts
sands, aeolian loess and Red Clay of northern central China are reported in this study.
No significant temporal variation in the quartz trace element content has been seen in the
Mangshan loess sequence, indicating a consistent source supply for the quartz grains of
the Mangshan loess sediments. The comparison of trace elements in quartz between desert
sand of the potential source areas and the Quaternary loess and late Miocene-Pliocene
Red Clay has yielded results that are consistent with zircon U-Pb ages. The signatures
of the Qaidam Basin dominate the source signal of Quaternary loess. Meanwhile, the
likely contribution of dust from the Taklimakan Desert to the finer Red Clay deposits in
Baode is also reflected in the trace element content of quartz. Although the geochemical
significance of Sc in quartz has been less investigated, when compared to Li and Ti, the
Sc content in quartz might be a potential source indicator in future provenance analysis.
In addition to the above three trace elements, the application of other trace elements, e.g.
Al and Ge, in combination with quartz shape analysis would be useful in distinguishing
quartz grains from different environments.
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Supplementary material

Figure S1. The Li and Ti content versus Sc content in quartz grains from the analysed desert, loess and Red
Clay samples.
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Chapter 6
Synthesis and Outlook
6.1. Variations in the provenance of the CLP
dust
The provenance analysis for the three Red Clay sequences across the CLP indicated
that debris sourced the Northern Tibetan Plateau (NTP) accounts for the majority dust
supply for the late Miocene-Pliocene Red Clay (Chapter 2). A spatial pattern probably
existed for the provenance of the Red Clay deposits because sites of the western and
southern CLP show a strong source affinity with the west (NTP and Taklimakan Desert),
while the northeastern CLP received more sediments from the broad area in the Central
Asia Orogenic Belt (CAOB), including the distant Gobi Altay Mountains and proximal
North China Craton. Previous studies have revealed that Quaternary loess deposits are
also derived from multiple source areas, with sediments eroded from the regions west
of the CLP, i.e. the northern and/or northeastern Tibetan Plateau (NTP), appearing to
be dominant (Stevens et al., 2010; Pullen et al., 2011; Bird et al., 2015; Licht et al.,
2016b; Zhang et al., 2016). The spatial variation in the provenance of the Red Clay
across the CLP is thus comparable with the Quaternary loess, as indicated by Bird et
al. (2015), suggesting that such a dust supply pattern, combining western and northern
sources,has been consistent at least since the late Miocene (~7 Ma). In addition, unlike
the Quaternary loess, the work presented in this PhD thesis addressed the likely source
contribution from the distant Taklimakan Desert to the Red Clay sequences (Chapters
2 and 5). The provenance study of the central CLP Red Clay also indicated that the
early Pliocene Red Clay (5.5–4 Ma) was primarily derived from the distal Taklimakan
Desert (Nie et al., 2014). Considering the finer nature of Red Clay sediments, which are
mainly composed of clay-silt particles, a more distal source for the Red Clay is possible.
However, it should be pointed out that both the Taklimakan Desert and the NTP lie west
of the CLP, along the dust-transporting westerly wind track, and that their provenance
characteristics both share (overlapping) dominant zircon age populations (200–300 and
400–-500 Ma). Dust entrained from the Taklimakan desert could therefore be mixed with
sediments from the Qaidam Basin and the Qilian Mountains of the NTP, and cannot be
effectively distinguished based only on the source signal of zircon U-Pb ages. The Red
Clay site from Baode in the northeastern CLP suggested possible temporal variation for
the provenance of Red Clay deposits by showing increased dust input from the western
deserts since 3.6 Ma (Chapter 2). Nie et al. (2014) also demonstrated that the upper part
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of the late Pliocene Chaona Red Clay in the central CLP is dominated by the western
sources of the NTP. Together this implies a prominent western source for the CLP dust
since the late Pliocene (3.6 Ma).
It is still under debate whether the provenance of the CLP loess varied systematically on
a spatial and/or a temporal scale (Xiao et al., 2012; Che and Li, 2013; Bird et al., 2015;
Nie et al., 2015). Using zircon U-Pb age spectra as a source signature, Xiao et al. (2012)
found that the zircon age signals of the loess units are different from those of palaeosol
units, suggesting that the provenance of CLP loess changed over glacial–interglacial
cycles. They ascribed such variation to the different atmospheric circulation patterns
during glacial and interglacial periods, as the mean annul position of the polar jet stream
shifted about 10° towards the equatorial during glacial periods (Kapp et al., 2011; Pullen
et al., 2011). Their results also indicated spatial differences in the provenance of the
aeolian deposits of the CLP, particularly for the interglacial palaeosol unit: the palaeosol
unit S1 showed an eastward increase in the dust source from northern China and
southern Mongolia. However, Che and Li (2013) argued that there are no temporal or
spatial heterogeneities in the zircon age distribution in the CLP loess deposits, and they
questioned the results of Xiao et al. (2012), which might be uncertain due to the small
sample size. They proposed binary sources for the CLP mixing sediments from the NTP
and Gobi Altay Mountains (GAM) (Che and Li 2013). The Alxa arid lands, which receive
material from both the NTP and the GAM, comprise the main source area for the CLP
loess (Fig. 1.1 in Chapter 1 and Fig. 6.1). The results of Bird et al. (2015) demonstrated
spatial heterogeneity of the loess deposits across the CLP: loess deposits in the western
CLP show a strong genetic link to the Yellow River and the NTP, while the eastern CLP
loess receives increased contributions from the North China Craton source. They also
found that the provenance of the loess deposits varied over time, but the shifts were not
consistent with the changes in the glacial and interglacial cycles. A recent study by Licht
et al. (2016b) revealed that the zircon age distribution of palaeosol layers is similar to that
of the loess layers. However, they concluded that this is because interglacial palaeosol
deposits could be reworked old glacial loess that has homogenised the source signals.
The provenance analysis of the loess-palaeosol sequence in the Mangshan loess Plateau
(MLP) presented in this PhD thesis (Chapter 3) showed that the Mangshan loess deposits
have been consistently supplied from the local (lower reach) Yellow River floodplain
from L9 to L1 (last 900 kyrs), with no significant provenance signal changes. However,
this work only focused on the zircon U-Pb dating of the loess units. Further study of the
palaeosol units may be needed to investigate whether any glacial–interglacial variations
exist in the provenance of Mangshan loess-palaeosol sequence.

6.2. Yellow River and the CLP dust
Penck (1931) already pointed out the Yellow River as the primary transporter of the CLP
loess decades ago. However, it is not until recent years that provenance studies based on
single-grain zircon U-Pb dating have provided diagnostic evidence for a possible genetic
link between the upper reach sediments of the Yellow River sediments and the CLP
loess deposits (Stevens et al., 2013; Nie et al., 2015). Licht et al. (2016b) and Zhang et
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al. (2016) further demonstrated that reworked Yellow River sediments contribute more
than 60% to the aeolian dust supply of the CLP. Our provenance analysis of Mangshan
loess deposits in the lower reach of the Yellow River provided the same information that
the Yellow River floodplain north of the MLP has served as a major dust source for the
Mangshan loess deposits (Chapter 3).
Pye (1995) has pointed out that more than one phase of fluvial and subsequent aeolian
transport could be involved in the production of loess sediments. In the case of the
Mangshan loess deposited during (at least) the last two glacial and interglacial intervals,
it can be inferred that at least two phases of fluvial-aeolian processes took place in
transporting the sediments from the source area ( i.e. the NTP) to the MLP (Fig. 6.1):
firstly, detrital sediments eroded from the NTP were carried by the upper reach of the
Yellow River to the Yinchuan-Hetao Graben and from there were delivered by the winter
monsoon winds to the Mu Us Desert and then to the CLP (Stevens et al., 2013; Bird et
al., 2015; Nie et al., 2015); secondly, loess deposits in the central CLP were cannibalised
by fluvial erosion in the drainage system in the Weihe Basin and carried to the lower
reach of the Yellow River through the Sanmen Gorge. Those fluvial sediments were
again reworked by aeolian processes and transported by northerly near-surface winds
to the MLP. It can be seen that the interaction of the Yellow River and CLP dust is a
dynamic process in which the upper reach of the Yellow River can be considered as a
temporary source of the CLP dust that brought sediments from the high mountains to
the area upwind of the CLP, while in the middle reach, the river acted as a net remover
for the CLP sediments, carrying large amounts of silts from the Weihe Basin through the
Sanmen Gorge to the broad alluvial fan system of the North China Plain in the lower
reach of the Yellow River. Eventually, the lower reach of the Yellow River (floodplain)
acted (again) as source for the dust deposits of its downwind area (i.e. MLP) (Fig. 6.1).

Figure 6.1. Sediment provenance and transport pathways from the Asia interior to the Pacific Ocean. Dashed
arrows indicate the fluvial processes and solid arrows indicate the aeolian processes.
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This PhD study has shed light on the evolution of the Yellow River. Topics such as when
the channel connecting the middle and lower reaches of the Yellow River developd,
and questions such as “When did the Yellow River cut through Sanmen Gorge?” or
“When did the Sanmen palaeo-lake drain?” have been actively debated (Wang, 2002;
Zhang et al., 2004; Zheng et al., 2007; Hu et al., 2012; Kong et al., 2014; Hu et al.,
2017). Thermoluminescence dating of the fluvial terrace sands in the Sanmen Gorge
has suggested that the Sanmen palaeolake drained at 0.15 Ma and resulted in a dramatic
increase in the sediment accumulation rate in the Mangshan loess deposits (Wang, 2002;
Zhang et al., 2004; Jiang et al., 2007). However, the newly established age model for the
Mangshan loess-palaeosol sequence demonstrated that Mangshan palaeosol unit S2 is
equivalent to the marine isotope stage 7 (243–191 ka) and implied that the Sanmen Lake
drained before palaeosol unit S2 was formed (Zheng et al., 2007; Qiu and Zhou, 2015).
A strong piece of evidence based on the dating of the fluvial terrace along the Sanmen
Gorge indicated that the incision of the Yellow River through Sanmen Gorge took place
at least before 1.2 Ma (Hu et al., 2012; Hu et al., 2017). Based on the zircon U-Pb age
chronology and nuclide burial dating of the fluvial sediments in the Sanmen Basin, Kong
et al. (2014) concluded that the transition from a lacustrine to a fluvial environment in
the Sanmen Basin occurred at 1.3–1.5 Ma. Rits et al. (2017) concluded that the Sanmen
palaeolake in the eastern part of the Weihe Basin did not exist during the last 1 Myr. This
PhD study provided provenance evidence that the Yellow River floodplain north of the
MLP has been a constant dust supplier for the Mangshan loess deposits at least since 900
ka, indicating that the Yellow River cut through the Sanmen Gorge before 900 ka. These
results are in accordance with Hu et al. (2012, 2017), Kong et al. (2014) and Rits et al.
(2017), supporting the early Pleistocene ages of the Yellow River incision through the
Sanmen Gorge.

6.3. Transport and deposition of loess and Red
Clay
It has been proposed that two types of processes are mainly involved in the transport of
aeolian loess sediments: the coarse silt and fine sand fraction are generally transported
by surface winds in short suspension and saltation and deposited in proximal areas; by
contrast, the fine silt and clay fraction, once lifted into the atmosphere, can be transported
by high level flow from distant source areas (Tsoar and Pye, 1987; Pye and Zhou, 1989;
Pye, 1995). Prins and Vriend (2007), Prins et al. (2007) and Vriend et al. (2011) conducted
end member modelling of the grain-size distribution of loess-palaeosol sequences in the
central CLP and revealed that the loess sediments are comprised of three unimodal and
fine-skewed end members: clayey EM1, silty EM2 and sandy EM3, with mode size of
63 µm, 37 µm and 22 µm, respectively. It has been shown that the sandy EM1 decreased
from the northern CLP to the distal southern region while the clayey EM3 increased
from the north to the south. Prins et al. (2007) further interpreted that the coarse EM1
and EM2 are supplied by northerly and/or northwesterly winter monsoon winds during
major spring and early summer dust storms via saltation and short-term suspension
processes over the proximal region of the CLP. The clayey fraction EM3 is considered
as a background dust system that has constantly been supplied via long-term suspension
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by westerly winds during interglacial stages, and it could also have been accompanied
by major dust outbreaks through transport by winter monsoon during glacial stages.
The unmixing model of the grain size distribution of Mangshan loess provided the same
results: Mangshan loess sediments contain three end members that are comparable to the
distribution of the central CLP loess (Fig. 3 in Chapter 3). This implies a similar aeolian
transport pattern for the Mangshan loess as the central CLP loess. However, the modal
size of the clayey EM1 of the Mangshan loess is 26 µm, which is coarser than the modal
grain size of the CLP loess (EM3 modal size 22 µm). This suggests a more proximal
source area for the Mangshan loess compared to the CLP loess, and is in agreement with
the provenance evidence that the Mangshan loess deposits have mainly been supplied by
the Yellow River floodplain from its north.
In this work, the end-member modelling approach was applied to investigate the
subcomponents of the late Neogene Red Clay deposits (Chapter 2). A similar spatial
distribution pattern to the loess is present in Red Clay deposits: Red Clay in the
northeastern CLP is more silt dominated, while the southern CLP Red Clay contains
more of the clayey fraction. However, the end-member grain-size distribution of Red
Clay is more complex. It is characterised by a clear bimodal grain-size distribution that
was found to vary between sites (Fig. 3 in Chapter 2). The results confirmed that the
main part of the Red Clay was transported by aeolian processes, but it also pointed out
a fluvial contribution to the Red Clay deposits, as indicated by high proportions of the
sandy EM1 in the bottom part of the Baode Fm and Lantian Fm. The bimodal clayey
end members in the Red Clay deposits are noteworthy. Prins et al. (2007) indicated that
the clayey EM3 in the loess might have been formed during the pedogenic process after
deposition, which increased the proportion of the clayey fraction in the southern CLP.
Compared to the loess deposits, Red Clay is much finer sediment, dominated by fine silt
and clay fractions. The distinct reddish colour and occurrence of Fe-Mn nodules indicate
the sediments have experienced strong weathering processes in a relatively warm and
humid environment. Earlier, Sun et al. (2006b) already suggested that the grain-size
distribution of Red Clay may have been altered by post-depositional pedogenic processes.
Hence, the bimodal distribution of the clayey end member in Red Clay could result from
weathering, resulting in a mix of aeolian mineral grains and clay minerals produced in
situ. Furthermore, field observations revealed that the Red Clay of the Lantian Fm and
Jingle Fm (Baode) has suffered a more intensive pedogenic process than the deposits of
Dongwan and the Baode Fm (Guo et al., 2002; Kaakinen, 2005; Zhu et al., 2008; Zhang
et al., 2013b; Li et al., 2014). The results of this work indicate that the proportion of the
bimodal clayey end member in the Lantian Fm and Jingle Fm is much higher than in the
Dongwan Red Clay (clayey EM3 of the Baode Fm is polymodal and thus not compared).
Therefore, this probably confirms, in agreement with the field observations, that the
bimodal clayey end member in the Red Clay is a proxy for the degree of weathering.
Dynamic image analysis of grain size and grain shape was used to further investigate the
detailed transport pattern of loess and Red Clay deposits. Grain shape, another principal
property for sediments next to grain size, has been less investigated in the aeolian
sedimentary deposits. This study revealed a systematic distribution pattern of grain-size
and grain-shape for the CLP dust: the aspect ratio increases as a function of decreasing

138

Provenance and sedimentology of Red Clay and loess in northern China

particle size, particularly for the silt-sized particles (20–60 µm) in loess, palaeosol and
Red Clay sediments (Chapter 4). This suggests that small particles are more symmetric
or spherical in shape than large particles within this silt-size fraction. The implication
is that systematic wind sorting has occured during the transportation of silt particles,
and their distribution pattern probably provides information on the suspension process
and the fall velocity of the particles. From this work, it could follow that these typical
particle shape-size relationships can be used in defining aerodynamic end members for
the reconstruction of wind strength and velocity.

6.4. Climate and tectonic controls on the
dust supply of the CLP loess and Red Clay
deposits
For the continuous accumulation of aeolian sediments, there are three prerequisites
according to Pye (1995): “1) arid source area(s) with bare and unstable geomorphic
surface composed of poorly sorted sediments with a high silt/clay ratio, 2) a high
frequency of strong turbulent winds and 3) a suitable accumulation site”.
Under such a rationale, the deposition of loess-palaeosol and the Red Clay sequence
since the Oligocene in the CLP has been correlated with the long-term aridity of the
Asia interior and the onset of and changes in the Asian monsoon system (An et al., 2001;
Guo et al., 2002). Two prominent events occured during the Cenozoic in Eurasia: the
retreat of the Paratethys Sea and the uplift of the Tibetan Plateau, both as a result of the
India–Asia continental collision. These two events significantly changed the land–sea
distribution, triggering intensive aridification and cooling of continental Asia, and the
onset of the Asian monsoon, although the detailed mechanism remains controversial
(Raymo and Ruddiman, 1992; Liu et al., 2003; Harris, 2006; Zhang et al., 2007; DupontNivet et al., 2008). It has been considered that the uplift of the Tibetan Plateau and
Tianshan Mountains prompted erosion and weathering of the bedrock, which provided
considerable volumes of sediments to the mountain foothill in the form of alluvial fans,
serving as the dust sources for the CLP (loess) deposits (Fig. 6.1). In addition, the growth
of the Tibetan Plateau has separated the westerly jet into a northern and southern branch.
The northern branch, which flows along the edge of the NTP and through Asia’s dry
interior, acts as a major medium for long-term dust transport from the Asian interior
to the Pacific Ocean (Fig. 6.1). The Tibetan Plateau uplift has also blocked moisture
from the Indian Ocean, further enhancing the aridity in the interior of Asia. In addition,
the stabilised Ordos Block since the late Miocene might have provided a suitable
accumulation platform for continuous dust deposition in the central CLP (Wang et al.,
2017), as most of the completed loess-palaeosol-Red Clay sequence with basal ages after
8 Myr has been found in the of Ordos Block (Sun et al., 1997; Ding et al., 1998)
According to the results of this work, the dust supply from the NTP and Taklimakan
Desert started from 7 Myr ago, indicating aridity in western China at least since the
late Miocene (Chapter 2). Other evidence based on the ostracod fauna, stable isotopes
and palaeo-weathering indices also indicated that the Qaidam Basin has experienced

Chapter 6

139

increasing aridity since 13.3 Ma due to the uplift of the Tibetan Plateau (Song et al.,
2017). Zheng et al. (2015) proposed a late Oligocene-early Miocene formation age of for
the Taklimakan Desert. This implies the possibility of dust supply from the far west since
the late Oligocene. A recent study further demonstrated that desert expansion and aeolian
dust generation in the Asia interior may have taken place much earlier by confirming
the presence of Eocene aeolian dust in the northeastern boundary of the Tibetan Plateau
(Licht et al., 2016a).
The present work also revealed noticeable variation in the provenance of Red Clay since
3.6 Ma. The dust supply from the arid lands of western China has probably increased
since 3.6 Ma, which could have been caused by strengthened westerly winds and/or
aridity in western China during the Pliocene. Supportive evidence from climate modelling
simulations showed enhanced westerly winds as a consequence of the uplift of the NTP
in the Pliocene (Zhang et al., 2015). Proxy records based on pollen and geochemical data
have also documented intensified aridity in the Qaidam Basin and Taklimakan Desert
(Wu et al., 2011a; Liu et al., 2014b; Sun et al., 2015). Nie et al. (2015) proposed that the
sediments derived from the NTP have largely been stored in the CLP and western Mu
Us Desert since 3.6 Ma due the increased erosion of the NTP. Therefore, the increased
denudation of the NTP and consequently enhanced Yellow River drainage since 3.6 Ma
could also have contributed to the increased sediment supply to the CLP since this time.
On a more regional scale, as witnessed in the Mangshan Plateau loess sections, tectonic
activity is also probably a dominant factor in controlling loess deposition. The trend of a
dramatic increase in the sedimentation rate and coarser sediment flux (silt and fine sand
component) occurred above palaeosol unit S2 (240 ka) (Chapter 3). The timing coincides
with increased fluvial incision caused by tectonic motions in the Weihe Basin upstream
of the MLP (Fig 1 in Chapter 1) (Rits et al., 2017). A study on the river terraces in the
middle reach of the Yellow River in the eastern part of the Weihe Basin also revealed a
significantly increased incision rate of the Yellow River due to the local tectonic uplift.
Therefore, it is likely that the tectonic uplift/movements triggered the increased fluvial
incision in the Weihe Basin and middle reach of the Yellow River at around 240 ka.
This resulted in an increased sediment flux being transported to the lower reach of the
Yellow River and, as a consequence, enlarged the alluvial fan of the Yellow River in
its lower reach north of the MLP. Since this fan serves as the major dust supply for the
MLP, the sedimentation flux and coarser grain component dramatically increased. In
addition, local fault movements that resulted in the southern migration of the Yellow
River towards the MLP could also have contributed to the sedimentology change of the
Mangshan sequences by providing a more proximal source area.
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6.5. Application of novel techniques in studying
the provenance and transport of the CLP aeolian
dust
One of the main efforts of this work was the application of novel analytical approaches
in studying the provenance and transport of past aeolian sediments. It was the first time
that dynamic image analysis (DIA) had been used to characterise the grain size and
shape of the silt particles (2-63 µm) in the loess and Red Clay deposits of northern China
(Chapter 4). The grain size results yielded from the DIA showed that during the last
two glacial-interglacial cycles, the coarse silt (32 – 63 µm) and fine sand fraction (>125
µm) in the loess-palaeosol sequence decreased from the northern CLP to the southern
CLP sites. The gradient of the southward decreasing trend is more dramatic in glacial
periods than interglacial periods (Fig. 6 in Chapter 4). These results are comparable to
the grain-size distribution pattern yielded from the laser diffraction (LD) analysis (Fig. 4
and Fig. 5 in Chapter 4). Therefore, this study demonstrated that DIA is able to precisely
measure the grain size of the aeolian silt particles. In addition to the grain size, DIA can
also provide information on particle shape, as discussed in section 6.3. However, the
fraction <16 µm in the loess and Red Clay tends to be underestimated by DIA due to the
resolution of the camera (pixel size 2 ×2 µm) used in this study. Therefore, the smallest
size for precise analysis of particles is 16 µm based on the current device setting. This is
consistent with results for Belgian loess reported by Tysmans et al. (2006) who similarly
found the accuracy of measurement to be better for larger particles (> 20 µm). In the
future, it is to be expected that by increasing the resolution of the camera, finer particles
will be more precisely measured by DIA.
In this study, quartz geochemistry was also used as a provenance signature to trace the
dust sources of aeolian loess and Red Clay deposits (Chapter 5). The trace element
content of Li, Ti and Sc in single quartz grains from loess, Red Clay and deserts sands
of the potential source areas, i.e., the Mu Us Desert, Tengger Desert, Qaidam Basin and
Taklimakan Desert were analysed by ICP-MS laser ablation. It was found that the trace
element signature of Mangshan loess showed close affinity with that of the Qaidam
Basin. The possible contribution of the Taklimakan Desert to the Baode Red Clay is also
indicated by the similar trace element contents of quartz. These results are consistent
with the provenance study based on zircon U-Pb ages, thus indicating that trace elements
in quartz grains could be used as a potential tool for the provenance study of past aeolian
sediments. However, it should be mentioned that as a preliminary study, the results of
this work were based on a relatively small number of analysed samples. The quantity of
quartz grains used for statistical comparison after data reduction varied from 37 to 118
(lower than the average statistics as used in the zircon U-Pb dating). As a consequence,
the presented data might only partly comprise the source information. Systematic
provenance analysis based on large number of samples from both the potential source
areas and loess and Red Clay sites is required in order to better constrain the source
supplies of the aeolian deposits of the CLP.
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6.6. Limitations and future outlook
The study based on zircon U-Pb chronology has advanced knowledge of the dust
sources of the CLP aeolian deposits. An extensive provenance dataset has already been
established for the Quaternary loess sediments (Stevens et al., 2010; Pullen et al., 2011;
Xiao et al., 2012; Che and Li, 2013; Bird et al., 2015; Licht et al., 2016b) which allows
for detailed quantification of contributions from multiple source areas as well the shift in
the dust supply through time and space. For the Miocene-Pliocene Red Clay sequences,
of which the lithology is more variable between sites, the provenance analysis is still
limited to a few sections (Nie et al., 2014 and Chapter 2 in this study; Gong et al., 2016).
Further zircon U-Pb chronology studies based on a high temporal resolution of multiple
Red Clay sites is needed in order to fully investigate the spatial and temporal variation in
the sources of the Red Clay deposits. It should also be noted that the particle size range
of the zircon grains used for provenance dating of the CLP dust and the material from the
potential source regions was not consistent: zircon grains from the desert sample usually
yielded a larger grain size range of 50–100 µm and were measured with a laser spot size
of 30–55 µm (Stevens et al., 2010; Zhang et al., 2016), while zircons from loess and Red
Clay deposits are most abundant in the silt fraction of 20–60 µm and were analysed with
a laser spot size of 12–25 µm (Pullen et al., 2011; Che and Li, 2013; Licht et al., 2016b).
Grain size, next to density, is one of the main factors affecting the transportation distance
of the dust deposits. It would be worthwhile to investigate the provenance signature of
material from the source regions having the same size range as the aeolian deposits in the
CLP, if possible. In addition, systematic and detailed provenance analysis is also required
for the potential source areas. While the source regions such as the NTP and the proximal
deserts, i.e. Mu Us Desert and Tengger Desert have received considerable attention, there
is relatively less provenance data available from the distal regions like the Mongolian
Gobi Desert and the Tarim Basin. There is also uncertainty regarding the provenance
interpretation based on zircon U-Pb age spectra due to the overlap of dominant zircon
age populations in the potential sources. For example, both the Taklimakan Desert and
the NTPcontain two prominent zircon age components at 200–300 Ma and 400–500
Ma (Pullen et al., 2011; Rittner et al., 2016). Chapter 2 might have provided a good
example in resolving the issue. A combination of provenance data and dust trajectory
simulation will help to determine the detailed dust transport pathway and quantify the
mixed contributions from the multiple sources. Moreover, Chapter 5 demonstrated the
potential of using trace elements in detrital quartz to fingerprint the source of the CLP
dust. The development/improvement of such a new provenance signature is needed, and
the multiple source indictors could be combined to obtain a complete picture of the dust
transport pathways of the aeolian deposits and to reduce the bias that might be induced
from observations and interpretations based on a single provenance indicator.
End-member modelling of the grain size dataset of loess and palaeosol sequences
revealed that silt and fine sand fractions are supplied from proximal regions while the
clay fraction might be transported from more distal area(s). The provenance study of
this work was mainly focused on the silt fraction of the loess and Red Clay deposits,
with analysed zircon grains in the size range of 20–60 µm. The origin of the finer clayey
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fraction in the loess and Red Clay deposits is beyond the scope of this work. In the future,
comprehensive provenance analyses covering both the coarser and finer component of
the loess and Red Clay sediments will be valuable in fully understanding the dust supply
pattern of the Late Neogene and Quaternary dust deposits in northern China. In addition,
the observations and simulations of modern dust emission and transport will be useful in
investigating the past dust transport processes. Empirical data such as the dust loading
capacity of the airflow and the wind velocity in entraining dust from the ground to the
air are highly demanded in explaining and reconstructing of the past wind strength and
dust transport pattern.

6.7. Concluding remarks
In this work, single grain zircon U-Pb dating, dynamic image analysis of grain size
and grain shape, end-member modelling of the grain-size distribution dataset and the
trace element content in quartz were used to fingerprint the dust source and transport
process of the late Neogene and Quaternary aeolian deposits in northern China. The
main findings and implications of the study can be summarised as follows:
(1) As revealed by zircon U-Pb age components, the late Miocene-Pliocene Red
Clay is ultimately supplied from the NTP and the broad area of the CAOB (including
the North China Craton and the Gobi Altay Mountains), with the former being more
dominated; Red Clay sites in the southern and western CLP receive more dust from the
western deserts while NE CLP Red Clay shows a strong source affinity to the northern
China Craton and Gobi Altay Mountains. Spatially, the dust supply pattern for the late
Miocene-Pliocene Red Clay is similar to the Quaternary loess, indicating a Quaternarylike atmospheric pattern for the Late Miocene in northern China. The uplift of the
Tibetan Plateau and Tianshan Mountains in the Pliocene intensified the aridity of the
Asia Interior. The growth of the Tibetan Plateau also resulted in increased denudation of
the NTP and the onset of increased drainage of the Yellow River, and finally increased
the sediment supply from the west to the CLP dust deposits.
(2) The zircon U-Pb age also revealed a genetic link between the Yellow River
sediments and the Pleistocene loess in the MLP of northern central China, and indicated
that the lower reach of the Yellow River floodplain north of the MLP has served as
a dominant source area for the loess deposits of the MLP at least since 900 kyr. This
further implied that the integration of the middle and lower reaches of the Yellow River
took place earlier than 900 ka.
(3) On a regional scale, tectonic activity is the main driver for the change in dust
deposition in the MLP. The dramatically increased coarse grain size fractions and
sedimentation rate in the loess-palaeosol sequence of the MLP since 240 ka were caused
by tectonic uplift of the Weihe Basin and vertical motions of the local faults. The tectonic
uplift resulted in rapid erosion in the Weihe Basin and led to a large volume of silts
being delivered downstream of the Sanmen Gorge at about 240 ka, and resulted in the
formation of a larger fluvial fan in the lower reach of the Yellow River. A more proximal
source area for the Mangshan dust was established due to the southern migration of the
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Yellow River, which resulted from the vertical motion of the faults in the subsurface.
(4) Dynamic image analysis of grain size and shape demonstrated that the silt particles
in the loess, palaeosol and Red Clay sediments exhibited a uniform grain size and shape
distribution. The aspect ratio of the particles decreased as a function of increasing grain
size, indicating that a systematic shape sorting occurred during the aeolian suspension
transport of silt particles and further confirming the preliminary aeolian origin of the Red
Clay deposits.
(5) End-member modelling of the grain-size distribution of loess and Red Clay
sediments indicated that the aeolian deposits in the CLP are probably a mixture of several
different dust subpopulations that have been subjected to different transport processes.
The finest clayey end member in the Red Clay deposits might have been altered by postdepositional processes.
(6) The trace element contents in detrital quartz showed a similar provenance
signature to the single-grain zircon U-Pb age data, and could potentially be used as an
indicator for the provenance signature of the aeolian dust.
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