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To see a world in a grain of sand
- William Blake

Shang Y., 2018. Provenance and sedimentology of Red Clay and loess in northern China8QLJUD¿D
+HOVLQNLSDJHV¿JXUHVDQGWDEOH

Abstract
Red Clay and overlying loess-palaeosol
sequences are typical for the area in Northern
China that is known as the Chinese Loess Plateau
(CLP). These primarily aeolian sediments
provide one of the best terrestrial archives of
Neogene-Quaternary climate change, and their
formation has been linked to the uplift of the
7LEHWDQ3ODWHDXWKHSURJUHVVLYHDULGL¿FDWLRQRI
East Asia and the onset of and changes in the
East Asian monsoon. In the present study, the
sediment provenance was reconstructed using
a combination of analytical techniques that
allowed better understanding of the (long-term)
shifts in sediment delivery in response to changes
in the climate and tectonic evolution.
Zircon U–Pb age spectral and backtrace
trajectory modelling of three well-known
Red Clay sequences distributed across the
CLP revealed spatiotemporal variations in the
provenance of late Miocene-Pliocene Red Clay.
The results indicate that the Red Clay in the
southern and western CLP was mainly derived
from the Northern Tibetan Plateau (NTP) and
the Taklimakan Desert. In contrast, Red Clay in
the northeastern CLP displays a zircon U-Pb age
signature of the broad area of the Central Asian
Orogenic Belt. In addition, the northeastern
Red Clay shows increased contributions from
the west around 3.6 Ma, possibly suggesting an
LQWHQVL¿HGZHVWHUO\ZLQGVWUHQJWKDQGRUDULGLW\
of the NTP and Taklimakan Desert arising from
the uplift of the NTP and Tianshan Mountains
in the Pliocene. This could also be caused by
the onset of enhanced Yellow River drainage in
response to the increased NTP denudation since
3.6 Ma.

To further investigate the role of the Yellow
River in supplying dust to the Quaternary loess
deposits, the sedimentology and source signal
of the unique loess-palaeosol sequence of the
Mangshan Loess Plateau (MLP) along the lower
reach of the Yellow River was investigated by
end-member modelling of the loess grain-size
records and single-grain zircon U-Pb dating. The
UHVXOWVVXJJHVWWKDWWKH<HOORZ5LYHUÀRRGSODLQ
north of the MLP has served as a major dust
source at least since 900 ka. The sudden change
in sedimentology (accumulation rate, grain-size
distribution) of the Mangshan sequence above
palaeosol unit S2 may have been initiated by a
combination of tectonic movements in the Weihe
%DVLQDQGLQWKH<HOORZ5LYHUÀRRGSODLQQRUWK
of the MLP around 240 ka. Subsequent rapid
ÀXYLDOLQFLVLRQLQWKHQRUWKHUQSDUWRIWKH:HLKH
%DVLQUHVXOWHGLQLQFUHDVHGVHGLPHQWÀX[EHLQJ
transported to the lower reach of the Yellow
5LYHU 7HFWRQLF PRYHPHQWV LQ WKH ÀRRGSODLQ
north of the MLP would have caused a southward
migration of the Yellow River course, explaining
the formation of an impressive scarp and the
more proximal location of the sediment source.
In addition to provenance analysis, grain size
and shape characteristics obtained by dynamic
LPDJHDQDO\VLV ',$ ZHUHXVHGWR¿QJHUSULQW
the transport processes of silt particles in a series
of Quaternary loess-palaeosol sequences. The
results revealed a decrease in the aspect ratio
of the particles as a function of increasing grain
size, thus indicating that systematic shape sorting
occurred during the aeolian transport of the silt
particles. A similar particle-shape sorting trend
has also been found in a series of Red Clay
5
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VHTXHQFHVFRQ¿UPLQJWKDWWKH5HG&OD\GHSRVLWV
are predominantly of aeolian origin. This study
indicates that DIA of grain size and shape
characteristics can be an additional powerful
WRROIRU¿QJHUSULQWLQJWUHQGVLQJUDLQVL]HDQG
shape sorting, determining the dominant mode of
transport, and reconstructing the transportation
pathways of silt-sized aeolian sediments.
The final part of this thesis research
comprised a pilot study on the use of the traceelement composition of quartz as a provenance
tool to constrain the source area of the late
Neogene and Quaternary dust deposits in
Northern China. It revealed that quartz in the
Mangshan loess deposits is largely derived
from the Qaidam Basin of the NTP. The
likely dust contribution from the Taklimakan
Desert to the Red Clay deposits in Baode is
DOVR UHÀHFWHG LQ WKH WUDFH HOHPHQW FRQWHQW RI
quartz. These results are comparable with the
source signal obtained from the zircon U-Pb
age spectra, suggesting that the trace element
composition of quartz could be applied as an
alternative tool to other single-grain provenance
analytical approaches to track the dust source
and dust pathways of the aeolian sediments.
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1 Introduction
Airborne mineral dust generated from arid
and semi-arid regions, once uplifted into the
DWPRVSKHUH SOD\V D VLJQL¿FDQW UROH LQ WKH
Earth system (Knippertz and Stuut, 2014). It
interacts with climate by affecting the radiative
budget, modifying atmospheric chemistry and
contributing micronutrients to both terrestrial
and marine ecosystems (Balkanski et al., 2007;
Dentener et al., 1996; Schroedter-Homscheidt et
al., 2013; Swap et al., 1992). In addition to the
FOLPDWH LQÀXHQFH GXVW DQG GXVW VWRUPV FRXOG
also have severe environmental consequences
along the transport pathways, such as affecting
local air quality and impacting on human
health by causing respiratory diseases and
infections (Prospero et al., 2008). Dust records
of the past, on the other hand, provide us with
vital information on dust-related aspects of the
Earth system over time, such as wind strength,
atmospheric circulation patterns and variations
in the vegetation cover. The Asian dry interior
is regarded as one of the most important
dust sources. Aeolian dust emitted from the
Asian interior can be transported to proximal
downwind regions such as the Chinese Loess
Plateau (CLP) in northern China, and further
HDVWZDUGVRYHUWKH3DFL¿F2FHDQDQGRQZDUGV
onto the Greenland ice cap (Sugimoto et al.,
2002; Sun et al., 2001). Notably thick and
continuous dust deposits have accumulated in
the CLP at least since the late Oligocene (Guo
et al., 2002; Heller and Liu, 1982; Qiang et
al., 2011). It has been suggested that the onset
and formation of the aeolian deposits in the
CLP have been affected by two remarkable
processes during the Cenozoic: phased uplift of
the Tibetan Plateau and Northern Hemisphere
glaciation. In addition, both of these could have
shaped the winds that transport the aeolian
dust to the CLP (An et al., 2001). Deciphering

such long terrestrial dust records would aid
us in understanding the coupled effect of
tectonic activity and regional climate on the
changes in Earth surface processes during the
Cenozoic. Knowledge of the dust provenance
LVWKHHVVHQWLDO¿UVWVWHSLQH[SORULQJWKHZKROH
dust pathway from source to sink. While
contemporary dust sources can be recognised by
means of Earth-orbiting satellites (Crusius et al.,
2011; Muhs et al., 2014; Prospero et al., 2012),
detecting the source areas of the palaeodust is
not so straightforward.
Typically, dust records of the CLP are
divided into three sequences: 1) Miocene loess
(in the west of the Liupan Mountains) (Fig.
1), 2) Late Miocene-Pliocene Red Clay and 3)
Quaternary loess-palaeosol (An et al., 2014;
Guo et al., 2002; Liu, 1985). Loess is typically
composed of silt-sized sediment particles and
accumulated during glacial intervals when the
Asian interior was colder and drier, while the
palaeosols developed during interglacial periods
when climate conditions were warmer and
more humid. Red Clay is commonly regarded
as a thick, fossiliferous, reddish soil complex
SULPDULO\FRPSRVHGRIFOD\DQG¿QHVLOWSDUWLFOHV
(Ding et al., 1998). While loess is considered to
be of exclusively windblown origin, the bottom
part of Red Clay deposits in some sites has been
DUJXHG WR EH RI ÀXYLDO RULJLQ RU UHZRUNHG E\
ÀXYLDOSURFHVV $ORQVR=DU]DHWDO*XR
et al., 2001; Nie et al., 2014; Zhang et al., 2013).
Nevertheless, the main body of the Red Clay
sequences has been well acknowledged as being
RI DHROLDQ RULJLQ EDVHG RQ ¿HOG REVHUYDWLRQV
and grain-size, geochemical and magnetic
property analysis (An et al., 2001, 2014; Ding
et al., 1998; Ding et al., 2001a; Guo et al., 2001;
Lu et al., 2001; Sun et al., 1997). Inferred from
modern dust observations, dust on the CLP has
been suggested to be generated from the arid
Asia interior through transportation by near15
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surface winds of the winter monsoon resulting
from the Siberian–Mongolian high-pressure
system and/or westerly jet (Ding, 2005; Roe,
2009). Following this regime, a large number
of arid regions located west and north of the
CLP that are capable of producing silts could
be potential source areas for the CLP dust (Fig.
1). These arid regions are characterised by a
range of landscapes, such as high mountains,
JREL VWRQ\GHVHUW DQGVDQG\ODQGVÀXYLDOIDQV
yardangs, playas and piedmonts (Pye, 1995; Pye
and Zhou, 1989; Smalley et al., 2009; Sun et al.,
2002).
The source, or sources, of the aeolian
loess in the CLP have been disputed for
decades. Previous studies based on grain-size
records of the loess-palaeosol sequences have
demonstrated that in the central CLP, the loess

grain size shows an approximately north–south
decreasing trend, particularly during glacial
intervals. Systematic decreases in the loess
thickness have been observed along the same
transect as a consequence of sediment load
reduction in a downwind direction (Ding et
al., 2002; Nugteren and Vandenberghe, 2004;
Prins and Vriend, 2007; Pye, 1995). These
observations suggest a dominant north–south
dust transport pathway for loess deposits in the
CLP and the presence of a proximal dust source
or sources north and northwest of the CLP. Based
on isotopic, geochemical and mineralogical
analyses, Sun (2002) proposed that the gobi in
southern Mongolia and the adjacent gobi and
sandy deserts of northern and northwest China
(the Badain Jaran, Tengger, Ulan Buh, Hubq
and Mu Us Deserts) are the main source areas

Figure 1. Map of Northern China. Numbers 1–9 indicate the major deserts in western, northern and eastern parts of
the CLP. 1 - Gurbantunggut (Jungger Basin), 2 - Taklimakan (Tarim Basin), 3 - Kumtag, 4 - Qaidam, 5 - Badain Jaran,
6 - Tengger, 7 - Mu Us, 8 - Otindag and 9 - Horqin. The black triangles mark the loess section, while the red dots
indicate the Red Clay sites of this study. HX - Huanxian, XF - Xifeng, XY - Xunyi, DJP - Duanjiapo, MS - Mangshan,
DW - Dongwan, LT - Lantian, BD - Baode and JL - Jingle. A–F indicate the grouped potential source areas for the
CLP. A - adjacent deserts north and northwest of the CLP; B - southern Mongolia Desert; C - Jungger Basin and Gobi
Altay Mountains; D - Taklimakan Desert; E - Northern Tibetan Plateau, including Qilian Mountains and Qaidam Basin;
F - deserts northeast of the CLP. The red letters indicate the boundaries of the upper and middle reaches and the
middle and lower reaches of the Yellow River.
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for the CLP loess, rather than the three inland
basins: the Tarim, Qaidam and Jungger Basins
(Fig. 1). However, Sun (2002) pointed out that
those deserts actually acted as the source holding
areas rather than the dust producers. According
to Sun (2002), silts in the CLP dust records are
ultimately produced from high mountain ranges
(“High Asia”) such as the Gobi Altay Mountains
(GAM) and Qilian Mountains during “mountain
processes” (i.e. glacial grinding, tectonic
processes, frost weathering, salt weathering and
ÀXYLDO FRPPLQXWLRQ  7KH SURYHQDQFH VLJQDO
inferred from radiogenic isotope data (87Sr/86Sr
and 143Nd/144Nd) suggests that the “western
deserts”, the deserts and arid lands located west
of the CLP (Qaidam Basin, Badain Jaran Desert
and Tengger Desert), rather than the “northern
deserts” (Hobq Desert and Mu Us Desert), were
the main source regions for the CLP dust during
glacial stages (Chen et al., 2007). A recent study
based on the same methods also pointed out a
constant dust supply to the CLP from the region
between the Qilian Mountains and GAM, i.e.
the Alxa arid lands, since the early Miocene
(Chen and Li, 2013).
In recent years, the application of singlegrain zircon U-Pb dating techniques has allowed
the discrimination of multiple potential source
areas for the CLP dust. The advantage of singlegrain analysis in provenance studies over bulk
analysis techniques is that it will not average out
signatures from multiple source areas. Zircon
83E FKURQRORJ\ KDV UHYHDOHG D VLJQL¿FDQW
dust supply from the northern and northeastern
Tibetan Plateau and Qaidam Basin, mixed with
additional contributions from the GAM and
northern China Craton to the CLP loess deposits
(Bird et al., 2015; Che and Li, 2013; Licht et al.,
2016a; Pullen et al., 2011; Stevens et al., 2013;
Zhang et al., 2016). Moreover, the zircon U-Pb
age spectra also indicate spatial variation in the
dust source of the loess deposits across the CLP

(Bird et al., 2015), although whether there are
any temporal (e.g. glacial/interglacial) variations
in the provenance of loess-palaeosol sequences
remains uncertain and debated (Bird et al., 2015;
Che and Li, 2013; Licht et al., 2016a; Xiao et
al., 2012).
What is still ambiguous is how the
sediments were transported from the source
area(s) to the CLP. Some studies have advocated
direct transport from the north and northwest
by winds passing over the Mu Us Desert,
Tengger Desert and Badain Jaran Desert during
interglacial stages, and from the west through
the Qaidam Basin and Qilian Mountains during
glacial stages (Kapp et al., 2011; Pullen et al.,
2011). However, inferred from the results
of mixing modelling on the loess grain-size
dataset, Prins et al. (2007) and Prins and Vriend
(2007) suggested the opposite pattern. Others
KDYH DGGUHVVHG WKH VLJQL¿FDQW FRQWULEXWLRQ RI
Yellow River sediments to the CLP dust based
on the zircon age provenance data. They have
interpreWHGWKDWWKHVHGLPHQWVZHUH¿UVWFDUULHG
by the Yellow River from the Northern Tibetan
3ODWHDX 173  WR WKH ÀRRGSODLQ QRUWKZHVW RI
the Mu Us Desert (Yinchuan-Hetao Graben),
and were then entrained by near-surface winds
to the downwind CLP (Nie et al., 2015; Stevens
et al., 2013). Studies on the sedimentology of
a loess-palaeosol sequence in the Mangshan
Loess Plateau (MLP) in the lower reach of the
Yellow River indicate that the Yellow River
ÀRRGSODLQKDVEHHQWKHPDLQGXVWVRXUFHRIWKH
aeolian loess deposits in the southeastern part
of the CLP during the last glacial-interglacial
cycle (Prins et al., 2009; Zheng et al., 2007).
However, no diagnostic provenance evidence
is currently available for this. The MLP is
located just downwind of the Yellow River
ÀRRGSODLQDQGQHDUWKHERXQGDU\RIWKHPLGGOH
and lower reaches of the Yellow River (Fig. 1).
Reconstruction of the dust supply history of the
17
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loess-palaeosol sequence in the MLP would
provide a case study to examine the role of the
Yellow River in transporting sediments to the
aeolian deposits in the CLP and further help us
to understand the developmental history of the
drainage system of the Yellow River.
While numerous studies have focused on
the provenance analysis of Quaternary loesspalaeosol sequences, the sediment source(s)
for the late Neogene Red Clay deposits are less
well studied and understood. Nie et al. (2014)
SURYLGHGWKH¿UVWSURYHQDQFHGDWDEDVHGRQWKH
zircon U-Pb age components for the Red Clay
sequence in the central CLP, and their results
revealed multiple sources for these deposits:
dust generated from the Taklimakan Desert
by westerly winds is the dominant source
for the early Pliocene Red Clay, whereas late
Pliocene Red Clay is similar to the source of the
Quaternary loess, and was mainly derived from
the NTP. However, it is still unclear whether the
source, or sources, of the Red Clay is spatially
variable due to a paucity of available provenance
data. Detailed and systematic provenance work
on multiple Red Clay sites across the CLP was
needed to better constrain the source areas and
the transport pathways of the Red Clay and thus
the wind patterns responsible for dust delivery
during the Late Neogene.

2 Study area, studied sites
and collected material
2.1 Chinese Loess Plateau
The Chinese Loess Plateau (CLP), with an
elevation varying between 800 and 3000
metres, extends from 32°N to 40°N and from
98°E to 115°E, covering about 600,000 km2 in
northern China (Liu, 1999). It largely overlaps
with the upper and middle reaches of the
Yellow River drainage area and is bounded
by the Mu Us Desert to the north, the Qinling
18

Mountains to the south, the Helan Mountains
to the northwest, the Qilian Mountains to the
west and the Taihang Mountains to the east (Fig.
2). The climate in this area is highly seasonal
DQG PRQVRRQ LQÀXHQFHG LQ ZLQWHU WKH VWDEOH
Siberian-Mongolia anticyclone results in a cold
DQG GU\ DLU ÀRZ FRPLQJ IURP WKH QRUWK DQG
the northwest known as the East Asian winter
monsoon, while in summer, moisture is brought
WRWKHFRQWLQHQWE\WKHZDUPDLUÀRZIURPWKH
ocean in the south and southeast, known as the
East Asian summer monsoon. The mean annual
temperature in the region increases from from
4 °C in the northern CLP to 14 °C the southern
CLP, and the mean annual precipitation rises
from less than 200 mm in the northwest to
650 mm in the southeastern CLP (UCAR,
2006). Along this climatic gradient, the modern
vegetation cover changes from arid steppe to
IRUHVWVWHSSHDQG¿QDOO\WREURDGOHDYHGIRUHVWLQ
a southeastern direction.
The CLP is famous for its characteristic
loess landscapes and continuous Neogene
and Quaternary dust records. According to the
tectonic setting and loess landscapes, the CLP
can be grouped into three regions (Fig. 2): I) the
Ordos Block, II) the Longzhong Basin and III)
the Fenwei Graben (Yuan et al., 2012).
The central CLP lies within the body of the
Ordos Block. The Ordos block is rimmed by the
Hetao Basin to the north, the Liupan Mountains
to the west, the Weihe Basin to the south and the
Lüliang Mountains to the east. During the early
Cenozoic there was tectonic quiescence; the area
suffered extensive erosion, which resulted in the
formation of a gentle-sloped planation surface
(Nie et al., 2016; Yuan et al., 2012). During the
late Cenozoic, due to the India–Asian collision
and uplift of the Liupan Mountains, the planation
surface was disrupted and the area was dissected
into a maze of gullies and hills. Three main loess
landform types are distinguished in the area:

plateau or tableland (called Yuan in Chinese),
elongated ridges (Liang) and hemispherical
hills (Mao) (Liu, 1985). The most complete
Neogene-Quaternary aeolian records are found
within this region, where the Quaternary loess
deposits conformably overlie the late MiocenePliocene Red Clay. The continuous loesspalaeosol sequences found in the central CLP
consist of 33 palaeosol and 34 loess units with
a depositional age spanning from ~2.6 to 0 Ma
(Liu et al., 1999). Most Red Clay sequences in
the Ordos Block have a basal age of ~7–8 Ma
(Ding et al., 2001b; Qiang et al., 2005; Sun et
al., 1998).
The Longzhong Basin is located west of
the Liupan Mountains and its western and
southwestern borders extend to the NTP. It is
a Cenozoic foreland basin resulting from the
India–Asian collision (Horton et al., 2004). This
region is characterised by the Red Clay landform
of Neogene age, covered with a thin loess layer.
Exceptionally thick loess successions of up to
300 m are found in the Lanzhou area (An et al.,
2001; Liu, 1985; Yuan et al., 2012). Aeolian dust

deposition in this region started at least 22 Ma
(Guo et al., 2001); a recent study extended the
basal age of the sequence back as far as to 25 Ma
(Qiang et al., 2011).
The Fenwei Graben of the eastern CLP is
a crescent-shaped rift valley bordered by the
Ordos Block to the west, the Qinling Mountains
to the south and the Taihang Mountains to the
east. It is comprised of two sub-basins: the Weihe
Basin in the southwest and the Fenhe Basin
in the north and northeast, covering an area of
more than 20,000 km2. This graben experienced
continuous subsidence during the Eocene
due to the eastward extrusion of the Tibetan
3ODWHDXDQGKDVEHHQ¿OOHGE\UHPDUNDEO\WKLFN
deposits (AFSOM, 1988; Hu et al., 2016; Liu et
al., 1960; Rits et al., 2017; Zhang et al., 1978).
Thick lacustrine sediments indicate that there
was a large palaeolake (Sanmen Lake) in the
Weihe Basin extending from the Sanmen Gorge
westwards to Baoji (AFSOM, 1988; Kong et al.,
2014). It has been suggested that the lake was
drained due to the incision of the Yellow River
through the Sanmen Gorge (Kong et al., 2014;

Figure 2. The Chinese Loess Plateau and three subdivisions: I, the Ordos Block; II, the Longzhong Basin and III, the
Fenwei Graben. The red letters indicate the boundaries between the upper and middle, and the middle and lower
reaches of the Yellow River. The red rectangle marks the location of the Sanmen Gorge. The ¿gure is modi¿ed after
Yuan et al. (2012).
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Wang, 2002; Yuan et al., 2012). In the Fenwei
Graben, Quaternary loess deposits overlie the
lacustrine sediments or river terraces, forming
the yuan tableland loess landscape. Here, Red
Clay sequences are sporadically found. Two
typical and well-studied Red Clay sites are the
Lantian site in the southwest corner of the Weihe
Basin (Kaakinen and Lunkka, 2003; Zhang et
DO DQGWKH<XVKHVLWHRQWKHHDVWHUQÀDQN
of the Lüliang Mountains (Flynn and Wu, 2017;
Flynn et al., 2011; Tedford et al., 2013).

2.2 Yellow River
With a total length of 5500 km, the Yellow River
(Huanghe) is one of the largest rivers of the
world. It originates from the northern Tibetan
Plateau and has deeply incised into a series
of intermontane basins and bedrock ranges
along the northeastern plateau margin. After
a 1500-km-long U-bend developed around
the Ordos Block, it runs through the Sanmen
*RUJHDQGÀRZVRQWRDZLGHÀRRGSODLQLQWKH
low-gradient eastern part of China (North China
Plain, NCP) and eventually discharges into the
Bohai Sea (Fig. 1). Traditionally, the river has
been divided into an upper, a middle and a lower
reach. The boundary between the upper and
middle reaches is located near Hekou town on
the northeastern edge of the Ordos Block, while
transition between the middle and lower reaches
is located at Mengjin near the Mangshan Loess
3ODWHDX6LQFHWKH<HOORZ5LYHUÀRZVWKURXJK
the CLP, which is subject to high erosion rates,
it is currently one of the most sediment-laden
rivers in the world. It has been proposed that
the integration of the modern Yellow River is
a consequence of cutting through of a series
RI LVRODWHG LQODQG ÀXYLDOODFXVWULQH EDVLQV E\
headward erosion (Craddock et al., 2010).
However, the geological history of the Yellow
River, particularly for its middle and lower
reaches, is still largely debated, and the suggested
20

timing for the full incision of the Yellow River
through the Sanmen Gorge varies from the Late
Miocene to the Pleistocene (Craddock et al.,
2010; Hu et al., 2017; Kong et al., 2014; Lin et
al., 2001; Wang, 2002; Wang et al., 2013).

2.3 Red Clay sites
In this study, three Red Clay sites (Baode, Lantian
and Dongwan; see Figure 3, Figure 4 and Table
1) representing a variety of geographical and
local sedimentary settings across the CLP were
investigated.
The Baode site in the northeastern CLP is
surrounded by the Lüliang Mountains to the
east and the Yellow River to the west (Fig. 1).
Baode is an area where the “Hipparion fauna”
in northern China was discovered, and the term
“Hipparion Red Clay” was then established by
=GDQVN\  WRGH¿QHWKHIRVVLOLIHURXV5HG
Clay deposits in the area. The late Neogene Red
Clay and Quaternary loess-palaeosol strata are
exposed in steeply sloping gullies and ravines
and rest on the Palaeozoic basement with
an angular unconformity. The late Neogene
stratigraphy of Baode has been grouped into two
formations: the Baode and Jingle Formation
(Fm) (Kaakinen et al., 2013; Teilhard de
Chardin and Young, 1931; Zhu et al., 2008).
The underlying Baode Fm is typically about
60 m thick and contains abundant mammalian
fossils of the late Miocene age. It has a more
variable lithology compared to the overlying
Jingle Fm. The lower part of the Baode Fm has
abundant conglomerates of varying thickness,
whilst the upper part, representing the bulk of
the Baode Fm, is composed of red brown clays
and silts with alternating carbonate nodule-rich
horizons and infrequent sheet conglomerate
beds. The Jingle Fm is up to ca. 40 m thick
and conformably overlies the Baode Fm. It is
exclusively composed of clay and silt-sized
lithologies with a distinctive deep red colour

and is devoid of sand and gravel lithologies.
Carbonate-rich horizons and abundant Fe-Mn
coating present in the deposits indicate strong
pedogenesis of the soil. Magnetostratigraphic
dating has assigned a basal age of 7.23 Ma to
the Baode Fm and a depositional age of 5.23
to 2.72 Ma to the Jingle Fm (Kaakinen et al.,
2013; Zhu et al., 2008).
The Lantian site in the southernmost
CLP is located in the foothills of the northern
ÀDQN RI WKH 4LQOLQJ 0RXQWDLQV ZLWKLQ WKH
southeastern Weihe Basin. It is comprised
of a thick accumulation of Cenozoic clastic
sediments (Kaakinen, 2005). The late Neogene
sediments in this area include the Lantian Fm
and the underlying Bahe Fm. With a thickness
of 280 m, the Bahe Fm is mainly composed
RI ÀXYLDO GHSRVLWV FKDUDFWHULVHG E\ WKLFN

DQG ODWHUDOO\ FRQWLQXRXV ÀRRGSODLQ GHSRVLWV
(Kaakinen and Lunkka, 2003; Zhang et al.,
2013). Based on geochemical and grain-size
HYLGHQFH WKHVH ¿QHJUDLQHG XQLWV KDYH EHHQ
suggested to be partly aeolian (Wang et al.,
2014). The overlying the Lantian Fm is a Red
Clay succession comprising distinctive deepUHG¿QHJUDLQHGGHSRVLWVZLWKF\FOLFFDUERQDWH
nodule-rich horizons progressively becoming
more abundant in the upper part of the
formation (Figs. 4c and 4d). As demonstrated
by magnetostratigraphic dating studies
(Kaakinen, 2005; Wang et al., 2014; Zhang et
al., 2013), the basal age for the Bahe Fm is at
ca. 11 Ma and the boundary between the Bahe
and Lantian Fm is ca. 7 Ma.
The Dongwan Red Clay succession in the
western CLP represents the loessic Red Clay

Figure 3. Lithology of
the studied Red Clay
sites (a) Baode (Jingle),
(b) Dongwan and (c)
Lantian. Red dots and
red stars mark the levels
of samples collected for
zircon U-Pb dating and in
situ quartz trace element
analysis,
respectively.
The samples for dynamic
image analysis of grain
size and shape are not
marked here, but are
shown in Fig. S1 in
Paper III.
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Figure 4. The studied Red
Clay sites of (a) Baode, (b)
Dongwan and (c) Lantian and
(d) the carbonate nodule-rich
horizon of the Lantian Fm.
Photos by Anu Kaakinen.

deposits in the west of the Liupan Mountains
(Fig. 1). It is characterised by a 74-m-thick
sequence of dominantly massive reddish silt
beds and carbonate rich couplets, with thin
laminations indicating water-lain settling
recognized in the lower part of the sequence
(Fig. 3). Fossil micromammals (Liu et al.,
2011, 2013) and terrestrial molluscs (Li et al.,
2014) are present throughout the sequence.
Compared to the Red Clays of Baode and
Lantian, relatively weaker nodule formation
is shown in the carbonate units in Dongwan.
According to Hao and Guo (2004), the
Dongwan Red Clay succession is dated to
the time interval of 7.1 to 3.52 Ma based on
magnetostratigraphy.
6DPSOHVZHUHWDNHQIURPWKH¿QHJUDLQHG
lithologies. For the Baode Fm and lower part
of the Lantian Fm, where conglomerates or
VDQGVWRQHVDUHVKRZQODWHUDOO\HTXLYDOHQW¿QH
grained facies was sampled, when possible.
The sampling level for zircon U-Pb age dating
and for analysis of the trace element content in
quartz is indicated in Figure 3.
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2.4 Loess-palaeosol sequences
To characterise the transport pathways of loess
across the central CLP, four loess-palaeosol
sections located along a transect oriented northto-south across the main body of the CLP,
Huanxian (HX), Xifeng (XF), Xunyi (XY) and
Duanjiapo (DJP), were selected and sampled for
grain size and shape analysis (Fig. 1). Detailed
descriptions and age models of the sections are
presented in Nugteren and Vandenberghe (2004)
and Prins and Vriend (2007). All the sections
cover the last two glacial and interglacial cycles
(S0–L1–S1–L2–S2), except the DJP sequence
in the southernmost CLP, which comprises the
last glacial–interglacial period (S0-L1) (Fig. 5).
Samples from the same stratigraphic intervals
representative for the typical loess (glacial and
stadial loess L1-1, L1-3, L2-1 and L2-3), welldeveloped soil (interglacial palaeosol, S1 and
S2) and poorly developed soil (interstadial
palaeosol, L1-2 and L2-2) units of individual
loess sections were collected (Fig. 5a–5d).
In this work (Paper II), a detailed study of
the sedimentology and provenance of the loesspalaeosol sequence from the Mangshan Loess
Plateau (MLP) was carried out. Mangshan is

Figure 5. Stratigraphy of the
studied loess sections: (a) HX
- Huanxian, (b) XF - Xifeng, (c)
XY - Xunyi, (d) DJP - Duanjiapo
and (e) MS - Mangshan. DIA dynamic image analysis. The
age model for the Mangshan
section was established by
correlating the loess proxy
records with the oxygenisotope composite record
from Donghu, Sanbao and
Hulu caves in central China
(Wang et al., 2008; Cheng et
al., 2009, 2016). For a detailed
description of the age model,
see Paper II.

located near the boundary of the middle and
lower reaches of the Yellow River (Fig. 1), and
in the topographic transition border between the
uplifting region in the west and subsiding region
in the east. About 200 km upstream, the Yellow
River cuts through the Sanmen Gorge, initially
releasing a tremendous silt load from the CLP.
7KLVUHVXOWVLQWKHIRUPDWLRQRIDODUJHÀXYLDO
alluvial fan east of the gorge, which constitutes
the southwestern part of the NCP. Downstream,
WKH <HOORZ 5LYHU JUDGXDOO\ ÀRZV WKURXJK
the NCP with a low gradient and eventually
discharges into the Bohai Sea. Typical loesspalaeosol successions are well exposed on the
northern slope of the MLP, where the Yellow
River has laterally cut the plateau and formed a
deep scarp along its northern edge (Fig. 6). Field
REVHUYDWLRQVKDYHLGHQWL¿HGORHVVXQLWVDQG
12 palaeosol units for the exposed Mangshan
loess deposits (Ji et al., 2004; Qiu and Zhou,
2015; Zheng et al., 2007). The studied section
of this work, with a total thickness of 171 m,
is located near the village of Liugou, about
25 km northwest of Zhengzhou city. The
magnetostratigraphy has been established

by Zheng et al. (2007), setting the Brunhes/
Matuyama (B/M) boundary at a depth of
about 150 m in the lower part of loess unit L8
in the section, demonstrating the resemblance
between the Mangshan loess sequence and the
other typical loess-palaeosol sequences found
on the CLP. The upper part of the sequence
(upper 100 m, above palaeosol S2) (Fig. 5) is
characterised by higher sedimentation rates and
coarser-grained loess sediments compared to the
lower part of the sequence and the loess deposits
in the central CLP (Prins et al., 2009; Qiu and
Zhou, 2015; Zhang et al., 2004; Zheng et al.,

Figure 6. Mangshan Loess Plateau (MLP) in the lower
reach of the Yellow River. Photo by Yuan Shang.
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2007). In this study, the main focus was on the
upper 130 m of the Mangshan Plateau sequence,
which covers palaeosol unit S0 to loess unit L6,
with an additional (zircon) sample taken from
loess unit L9.

3 Objectives of the study
The main aim of this (PhD) study was
to provide a comprehensive approach to
examine the long-term dust supply and
transport patterns developing during the
late Neogene and Quaternary in the CLP of
northern China, and their response to changes
in climate and tectonic evolution. To this end,
a combination of both conventional and novel
sedimentological and provenance analytical
methods was used.
7KHVSHFL¿FREMHFWLYHVZHUH
1) To provide a detailed provenance
analysis based on the zircon U-Pb ages for the
late Miocene-Pliocene Red Clay sequences to
investigate the spatial and temporal variations in
the sources of the Red Clay, and to subsequently
investigate the dust transport pathways and
prevailing wind patterns during the late Neogene
by dust trajectory modelling (Paper I);
2) To investigate the role of the Yellow
River in supplying dust to the Quaternary loess
deposits and study the mechanisms that control
the sedimentology and provenance changes of
the loess-palaeosol sequences (Paper II);
3) To examine the subpopulations and their
relative proportions in the bulk Red Clay and
loess deposits by applying an end-member
modelling approach to an extensive grain-size
dataset. The aims were to understand the dust
transport process related to each subpopulation
and examine the (dis-)similarity of the transport
and depositional processes between Red Clay
and loess deposits (Papers I and II);
4) To determine the dust transport pathways
24

and reveal the aeolian sorting pattern by applying
dynamic image analysis (DIA) to characterise
the grain size and shape distribution of the silt
DQG ¿QH VDQG\ SDUWLFOHV RI WKH ORHVV DQG 5HG
Clay deposits (Paper III);
5) Test the application of the trace element
content in quartz grains as an alternative tool to
determine the dust source of the aeolian loess
and Red Clay deposits (Paper IV).

4 Methods
The analysis conducted for each of the studied
sites is summarised in Table 1.

4.1 Grain size and shape analysis
Grain-size analysis was performed for Red
Clay and loess samples in Papers I, II and III.
Following the standard analytical procedure for
loess and Red Clay (cf. Konert and Vandenberghe,
1997; Vandenberghe et al., 2004), about 0.5–1 g
of bulk sediment was pre-treated with H2O2 and
HCl to remove organic matter and carbonates,
respectively. The grain-size records of the loess
sections Huanxian, Xifeng, Xunyi, Duanjiapo
and Mangshan, and of the Red Clay section of
Lantian were obtained using a Fritsch A22 laser
diffraction (LD) instrument at Vrije Universiteit
Amsterdam (VUA). Red clay samples from the
Jingle Fm of Baode and from Dongwan were
analysed using a Sympatecs KR laser diffraction
particle sizer at VUA. Red Clay samples of
the Baode Fm were analysed using a Coulter
LS200 at the University of Helsinki (UH). All
the LD devices used in this study produce grainsize distributions with 56 size intervals within
the size range 0.15–2000 μm. We used the
GRADISTAT program developed by (Blott and
Pye, 2001) to calculate the median grain sizes of
the samples.
The image analysis sensor Qicpic/R (http://
www.sympatec.com/EN/ImageAnalysis/

Table 1. Description of the studied Red Clay and loess sections and related methods.

QICPIC.html) developed by Sympatec was
used in Paper III to characterise the grain size
DQGVKDSHRIVLOWDQG¿QHVDQG\SDUWLFOHVLQWKH
ORHVVDQG5HG&OD\GHSRVLWV7KLVZDVWKH¿UVW
time that dynamic image analysis (DIA) had
been applied to Chinese aeolian dust. The pretreatment of the Red Clay and loess samples
for DIA followed the same procedure as the LD
grain-size analysis to ensure that the particles
were well dispersed during measurement. DIA
provides information of the size and shape of a
particle based on a 2D image of the particle’s
contour. In this study, the mean Feret diameter
and aspect ratio were used to describe the size and
shape of a particle, respectively. Additionally,
silty and sandy size fractions expressed as
parts per million (ppm) of the total number of
particles analysed (bulk sample) were calculated
for the Red Clay and loess samples in order to
investigate the grain-size components of bulk
sediments. The particle counts of the >32 μm,

>63 μm, >125 μm and >250 μm fractions were
reported and included for detailed analysis.

4.2 Zircon U-Pb dating
Detrital zircon U-Pb dating was used to
characterise the provenance of the Red Clay
and loess deposits in Papers I and II. Separation
of the zircon grains from the bulk samples was
conducted at the Mineral Separation Laboratory
of VUA. About 0.5–5 kg of bulk sediments was
wet-sieved over a 20-micron sieve and treated
with 5% HCl to remove carbonate. Zircon
grains were collected after heavy liquid (density
of 2.86 and 3.30 g/cm3 LST heavy liquid) and
Frantz magnetic separation. Zircon grains were
handpicked and mounted in a 2.5-cm-diameter
epoxy resin disc, sectioned approximately in
half and polished. In addition, photomicrographs
of zircons were taken with an Olympus stereo
zoom microscope for zircon morphology
analysis before mounting and polishing. Back25
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scattered electron images (BSE) were prepared
for the zircons to target the spot sites.
Detrital zircon U-Pb ages were determined
by laser-ablation inductively coupled plasma
mass spectrometry (ICP-MS) at the Finnish
Geosciences Research Laboratory, Geological
Survey of Finland, in Espoo. Red Clay samples
of Lantian, Dongwan and Baode were analysed
with a Photon Machine Analyte G2 laser
microprobe using a similar technique as in
5RVDHWDO 7KHORHVVVDPSOHVDQGÀXYLDO
samples were analysed by a Nu Plasma AttoM
single collector ICPMS connected to a Photon
Machine Excite laser ablation system. Typical
ablation conditions included a beam diameter
of 20–29 ȝP, a pulse frequency 5 Hz and a
beam energy density of 2 J/cm2. The calibration
standard GJ-1 (609 ± 1 Ma) (Belousova, 2005)
and in-house standards A382 (1877 ± 2 Ma) and
A1772 (2712 ± 1 Ma) (Huhma et al., 2012) were
run at the beginning and end of each analytical
session, and at regular intervals during sessions.
The Glitter program was used for calibration
of the raw data (Van Achterbergh et al., 2001).
$OOWKHDJHVZHUHFDOFXODWHGZLWKıHUURUVDQG
without decay constants errors. The 207Pb/206Pb
age offset from concordant ID-TIMS ages for
several samples did not exceed 0.5%. We used
238
U/206Pb ages for ages younger than 1 Ga and
207
Pb/ 206Pb ages for ages older than 1 Ga. Ages
were rejected if discordance exceeded ±15% for
5HG&OD\DQGIRUORHVVDQGÀXYLDOVDQGV

4.3 Trace element content in quartz
In the study presented in Paper IV, we
explored the possibility of using the trace element
content in quartz as a provenance tool for the
loess and Red Clay deposits. The preparation
work required thorough cleaning of the quartz
grains in order to remove clay minerals and other
potential contamination attached to the surface
of the quartz. The trace element concentration
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in quartz was measured with an Agilent 7900s
ICP mass spectrometer coupled with a Coherent
GeoLas Pro MV 193 nm excimer laser-ablation
system at the Department of Geosciences
and Geography, University of Helsinki. The
detailed set-up for the measurement is presented
in Paper IV. The instrument accuracies of 39
elements were monitored daily by measuring
the composition of NISTSRM612 synthetic
glass standards using NISTSRM610 as the
external standard. The measurements 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
following trace elements were included in the
mass scan table: 7Li, 11B, 23Na, Mg25, 27Al, 31P,
34
S, 35Cl, 39K, 42 Ca, 45Sc, 47Ti, 49Ti, 55Mn, 57Fe,
65
Cu, 66Zn, 71Ga, 72Ge, 85Rb, 88Sr, 90Zr, 133Cs,
137
Ba, 208Pb and 238U. However, only 7Li, 45Sc
and 49Ti were found to consistently be suitable
for application as provenance tracers. The
energy density was 10 J/cm² for the standard
NISTSRM610 and 14 J/cm² for quartz. For each
analysis, the repetition rate was 10 Hz and the
dwell time per isotope was 10 ms. Laser spot
sizes from 30~90 μm were used, depending on
the grain size of the quartz.

4.4 End-member modelling of grainsize distributions
6HGLPHQW ÀX[HV IURP PXOWLSOH VRXUFHV DQG
transporting patterns can be detected by means
of end-member modelling of the grain-size
distribution (Stuut et al., 2002; Weltje and
Prins, 2003, 2007). This has been well used
LQ GLVWLQJXLVKLQJ DHROLDQ IURP ÀXYLDO LQSXW LQ
various marine settings (Deplazes et al., 2014;
Prins et al., 2000; Stuut et al., 2002, 2014).
Previous studies have also suggested that a
genetically meaningful unmixing of loess grainsize distributions can be accomplished with an

end-member modelling algorithm (EMMA)
(Prins and Vriend, 2007; Prins et al., 2009;
Vriend and Prins, 2005; Vriend et al., 2011). In
this work, we applied the EMMA to the grainsize distributions of both the Quaternary loesspalaeosol sequences (Paper II and III) and late
Miocene-Pliocene Red Clay sequences (Paper
I and III) to characterise the subpopulations
of the mixed aeolian sediments (and their
relative contribution within the sections) and to
GLVWLQJXLVKWKHSRVVLEOHÀXYLDOLQSXWLQWKH5HG
Clay deposits.
End-member modelling consists of two
VWDJHV LQ WKH ¿UVW VWDJH WKH QXPEHUV RI HQG
members (EMs) are estimated according to the
PHDQFRHI¿FLHQWRIGHWHUPLQDWLRQ U2), and in the
second stage, the proportions of each EM are
FDOFXODWHG7KHFRHI¿FLHQWRIGHWHUPLQDWLRQ U2)
represents the proportion of the variance of each
grain size reproduced by the approximated data
(Weltje, 1997). The mixing model is chosen
when the r2 shows a satisfactory goodness of
¿W XVXDOO\! 7KLVPHDQVWKDWWKHVHOHFWHG
model provides a good description of the
variation in the grain-size distribution dataset.

4.5 Visualisation of zircon U-Pb data
and the multi-dimensional scaling
(MDS) map
Probability density plots (PDP; Ludwig, 2003),
kernel density estimation (KDE, Vermeesch,
2012) plots and histogram diagrams were
used to visualise the zircon age distributions
of Red Clay and loess samples. Zircon grains
from different stratigraphic units are combined
within the section in order to better assess
the difference between individual sites and to
reduce the bias and statistical errors brought
about by (too) small sample sizes. A nonmetric multi-dimensional scaling (MDS) map
(Vermeesch, 2013) was employed to visualise
the (dis)similarities between the combined

large zircon datasets of Red Clay, loess and
the sediments of potential source areas. This
technique works in a similar way to principal
component analysis, which is able to capture
the main feature of the detrital zircon age
datasets and has been well practiced in previous
provenance studies on Red Clay and loess
(Bird et al., 2015; Che and Li, 2013; Nie et al.,
2014; Stevens et al., 2013; Vermeesch, 2013).
We also used the MDS map for visualising a
comparison of trace element contents in quartz
from the Red Clay, loess and desert sands
samples.

4.6 Dust trajectory modelling
The trajectory model HYSPLIT version 4
(Draxler and Hess, 1998) was employed to
simulate the potential transport paths of the
aeolian deposit in the three Red Clay sections
during the late Miocene. The output from a Late
Miocene global model simulation by Micheels
et al. (2011) was used as the meteorological data
to drive HYSPLIT. Three-dimensional 5-day
backtrace trajectories of the near surface air mass
(1000 m above ground level) of the three Red
Clay localities were calculated every 12 hours
for both winter (December, January, February)
and spring (March, April, May). Finally, all the
calculated trajectories were grouped into 4–5
mean trajectories to represent the dominant
pathways of the air mass delivering dust to the
studied Red Clay localities.

5 Summary of original papers
5.1 Paper I
The objective of paper was to investigate the
spatiotemporal variations in the provenance of
late Miocene-Pliocene Red Clay of the CLP.
Three well-known Red Clay sequences in the
CLP were examined: Baode in the northeast,
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Lantian in the south and Dongwan in the west
(Figs. 1 and 2 in Paper I). Firstly, an end-member
modelling approach was applied to the grainsize distribution dataset of the three Red Clay
sequences to characterise the subpopulations of
the sediments and their relative contributions
within the sections, and to understand the
corresponding transport and depositional
processes for the various components (Fig. 3
in Paper I). Subsequently, single-grain zircon
U-Pb dating was used to explore the potential
sources for the Red Clay (Figs. 4 and 5 in Paper
I). Additionally, backtrace trajectory modelling
was employed to investigate the transport
pathways of the studied Red Clay localities and
the prevailing wind patterns over the CLP in the
late Miocene and Pliocene (Fig. 7 in Paper I).
It was revealed that the clay-dominated
Red Clay of the southern (Lantian) and western
(Dongwan) CLP was mainly derived from the
NTP and Taklimakan Desert and was delivered
by low level westerly winds. The more siltdominated Red Clay in the northeastern CLP
(Baode) is comprised of sediments transported
from the NTP and a broad area of northern
China (Central China Orogenic Belt) by
northwesterly and northerly winds. The results
are comparable to the dust supply pattern of
the Quaternary loess, implying that a consistent
spatial pattern variation in the provenance of
the wind-blown sediments in the CLP started
at least in the late Miocene. Temporally, Baode
Red Clay in the NE CLP shows an increased
source signature from the western deserts since
3.6 Ma. This might have resulted from the uplift
of the Tibetan Plateau and Tianshan Mountains
LQWKH3OLRFHQHZKLFKLQWHQVL¿HGWKHZHVWHUO\
wind strength and/or aridity of western China.
This could also be connected with the onset
of enhanced drainage of the Yellow River
promoted by increased denudation of the NTP
since 3.6 Ma, which allowed more sediments to
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be delivered to the CLP by the Yellow River.

5.2 Paper II
The focus of this paper was on investigating the
role of the Yellow River in supplying dust to the
loess deposits and the mechanism behind the
change in sedimentology of the loess-palaeosol
sequence from the MLP along the lower reach
of the Yellow River (Fig. 1 in Paper II). The
sub-components of the Mangshan loess and its
contributions within the bulk sediments were
characterised by an end-member modelling
approach applied to a grain-size distribution
GDWDVHW )LJVDQGLQ3DSHU,, $GXVWÀX[
model was used to investigate the change in
the dust accumulation rate along the sequence
(Fig. 4 in Paper II). Fingerprinting of the source
of Mangshan loess and its provenance variation
was achieved by means of single-grain zircon
U-Pb dating (Figs. 5 and 6 in Paper II).
The similarity of zircon U-Pb age
components between the Mangshan loess and
the Yellow River sediment suggests that loess
deposits of the MLP have mainly been derived
IURP WKH<HOORZ 5LYHU ÀRRGSODLQ QRUWK RI WKH
plateau. No obvious temporal variation has been
found in the provenance signal of the Mangshan
loess from loess units L9 to L1, indicating that
WKHGXVWVXSSO\IURPWKH<HOORZ5LYHUÀRRGSODLQ
to the MLP was initiated at least 900 ka (MIS22).
This implies that the Yellow River cut though
the Sanmen Gorge at least before 900 ka. GrainVL]H GDWD DQG WKH GXVW ÀX[ PRGHO VKRZ WKDW
both the coarser-grained fraction and the dust
DFFXPXODWLRQ UDWH KDYH VLJQL¿FDQWO\ LQFUHDVHG
in the upper Mangshan loess sequence above
S2, suggesting increased sediment supply and a
more proximal source for the MLP since 240 ka.
The sudden change in sedimentology (grain size
and accumulation rate) of the Mangshan loess
around 240 ka is contemporaneous with tectonic
movements in the Weihe Basin. This probably

suggests that due to tectonic uplift in the Weihe
%DVLQ DURXQG  ND UDSLG ÀXYLDO LQFLVLRQ LQ
WKHEDVLQFDXVHGWUHPHQGRXVDPRXQWVRIÀXYLDO
sediments to be carried out of the Sanmen
Gorge to the lower reach of the Yellow River,
OHDGLQJWRWKHIRUPDWLRQRIDODUJHUÀXYLDOIDQ
north of the MLP and resulting in increased dust
being transported to MLP via aeolian processes.
Moreover, the southern migration of the Yellow
River evidenced by a northern high scarp of
the MLP probably provided a more proximal
source area for the MLP during the middle and
late Pleistocene.

5.3 Paper III
7KLV SDSHU DLPHG WR ¿QJHUSULQW WKH WUDQVSRUW
process of the silt (2–63 μm) particles in the late
Neogene and Quaternary aeolian sediments (Red
Clay and loess) of the CLP by applying dynamic
image analysis (DIA; Sympatec Qicpic) in the
characterisation of the grain-size and grainshape distribution. Samples were collected
from four Quaternary loess sections, namely
Huanxian, Xifeng, Xunyi and Duanjiapo, along
a north-to-south transect in the CLP and from
three Red Clay sequences distributed across
the CLP: Baode in the northeast, Lantian in the
south and Dongwan in the west (Fig. 1 in Paper
III) .
The grain-size distribution of the samples
was measured both by DIA and laser diffraction
(LD) particle-size analysis (Fig. 4 in Paper III).
Similarly to the grain-size dataset produced LD,
DIAcharacterisation of the grain-size distribution
of Quaternary loess not only differentiated the
glacial loess units from interglacial palaeosol
units, but also revealed clear spatial variation,
with the grain size decreasing from the northern
to the central and southern parts of the CLP
during the last two glacial and interglacial cycles.
A similar spatial pattern was also revealed by
',$IRUWKH¿QHJUDLQHG0LRFHQH3OLRFHQH5HG

Clay. Moreover, DIA was able to characterise
WKH ÀXYLDO FRQWULEXWLRQ WR WKH 5HG &OD\ DV
indicated by different grain-size and grain-shape
distribution curves. The grain-shape analysis
of DIA revealed a systematic pattern for both
the loess-palaeosol sequences and Red Clay
sediments, whereby the aspect ratio decreased
as a function of increasing grain size. This
probably suggests that systematic shape sorting
occurred during the aeolian transportation of the
silt particles. We found that certain grain-size
UDQJHVFRUUHVSRQGHGWRVSHFL¿FDVSHFWUDWLRVWKDW
seemed to be aerodynamically distinguishable
from each other and that could be further linked
to the wind velocity/strength in transporting the
particles.

5.4 Paper IV
The aim of this paper was to introduce a new
approach for characterising the provenance
of detrital quartz from the loess and Red Clay
deposits using laser-ablation inductively
coupled plasma-mass spectrometry (ICP-MS).
Trace elements in quartz were analysed from
Quaternary loess samples of the Mangshan
Plateau in central China, late Miocene-Pliocene
Red Clay samples of the Baode section in the
northeast of the CLP and sand dune samples
from the major deserts in northern and western
China (Figs. 1 and 2 in Paper IV). Three trace
elements (Li, Ti and Sc) in quartz are presented
(Fig. 3 in Paper IV) and the data indicate that
the Qaidam Basin has a similar trace element
distribution in quartz to that in Quaternary loess,
LPSO\LQJ D VLJQL¿FDQW FRQWULEXWLRQ RI GHEULV
from the 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 (Fig. 4 in Paper IV). The provenance
signature indicated by the Ti and Sc contents
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of quartz in general are consistent with the
previous interpretation based on zircon U-Pb
ages. It is suggested that the Sc content in quartz
might be a potential source indicator for aeolian
loess and Red Clay.

6 Discussion
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 from the NTP accounts for the
majority of the dust supply for the late MiocenePliocene Red Clay (Paper I). A spatial pattern
probably existed for the provenance of the Red
Clay deposits, because sites of the western and
VRXWKHUQ&/3VKRZDVWURQJVRXUFHDI¿QLW\ZLWK
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 appearing to
be dominant (Bird et al., 2015; Licht et al.,
2016a; Pullen et al., 2011; Stevens et al., 2010;
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
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(Papers I and IV). 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
'HVHUW 1LHHWDO &RQVLGHULQJWKH¿QHU
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 (Paper I). Nie et al. (2014)
also demonstrated that the upper part 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 (Bird et al., 2015;
Che and Li, 2013; Nie et al., 2015; Xiao et al.,
2012). 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 the 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 and Fig. 7).
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 greater 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. (2016a) 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 MLP presented in Paper II
showed that the Mangshan loess deposits have
been consistently supplied from the local (lower
UHDFK <HOORZ5LYHUÀRRGSODLQIURP/WR/
ODVWN\UV ZLWKQRVLJQL¿FDQWSURYHQDQFH

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 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 and the CLP
loess deposits (Nie et al., 2015; Stevens et al.,
2013). Licht et al. (2016a) and Zhang et 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
<HOORZ 5LYHU ÀRRGSODLQ QRUWK RI WKH 0/3
has served as a major dust source for the
Mangshan loess deposits (Paper II).
Pye (1995) has pointed out that more
WKDQ RQH SKDVH RI ÀXYLDO DQG VXEVHTXHQW
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
SKDVHV RI ÀXYLDODHROLDQ SURFHVVHV WRRN
place in transporting the sediments from the
source area (i.e. the NTP) to the MLP (Fig.
 ¿UVWO\GHWULWDOVHGLPHQWVHURGHGIURPWKH
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
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to the CLP (Bird et al., 2015; Nie et al., 2015;
Stevens et al., 2013); secondly, loess deposits
in the central CLP were cannibalised by
ÀXYLDOHURVLRQLQWKHGUDLQDJHV\VWHPLQWKH
Weihe Basin and carried to the lower reach of
the Yellow River through the Sanmen Gorge.
7KHVHÀXYLDOVHGLPHQWVZHUHDJDLQUHZRUNHG
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 NCP in the lower
reach of the Yellow River. Eventually, the
ORZHUUHDFKRIWKH<HOORZ5LYHU ÀRRGSODLQ 
acted (again) as source for the dust deposits
of its downwind area (i.e. MLP) (Fig. 7).
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 developed, and questions such as
“When did the Yellow River cut through
Sanmen Gorge?” or “When did the Sanmen
palaeolake drain?” have been actively
debated (Hu et al., 2012, 2017; Kong et al.,
2014; Wang, 2002; Zhang et al., 2004; Zheng
et al., 2007). Thermoluminescence dating of
WKHÀXYLDOWHUUDFHVDQGVLQWKH6DQPHQ*RUJH
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 (Jiang et
al., 2007; Wang, 2002; Zhang et al., 2004).
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
palaeolake drained before palaeosol unit S2
was formed (Qiu and Zhou, 2015; Zheng et
al., 2007). A strong piece of evidence based
RQWKHGDWLQJRIWKHÀXYLDOWHUUDFHDORQJWKH
Sanmen Gorge indicated that the incision of
the Yellow River through the Sanmen Gorge
took place at least before 1.2 Ma (Hu et al.,
2012, 2017). Based on the zircon U-Pb age

Figure 7. Sediment provenance and transport pathways from the Asia interior to the Paci¿c Ocean. Dashed arrows
indicate the Àuvial processes and solid arrows indicate the aeolian processes.
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chronology and nuclide burial dating of the
ÀXYLDOVHGLPHQWVLQWKH6DQPHQ%DVLQ.RQJ
et al. (2014) concluded that the transition
IURPDODFXVWULQHWRDÀXYLDOHQYLURQPHQWLQ
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
WKDWWKH<HOORZ5LYHUÀRRGSODLQQRUWKRIWKH
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
ORHVV VHGLPHQWV WKH FRDUVH VLOW DQG ¿QH VDQG
fraction are generally transported by surface
winds in short suspension and saltation and
deposited in proximal areas; by contrast, the
¿QH VLOW DQG FOD\ IUDFWLRQ RQFH OLIWHG LQWR WKH
atmosphere, can be transported by high level
ÀRZIURPGLVWDQWVRXUFHDUHDV 3\H3\H
and Zhou, 1989; Tsoar and Pye, 1987). 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
XQLPRGDO DQG ¿QHVNHZHG HQG PHPEHUV
clayey EM1, silty EM2 and sandy EM3, with
mode sizes 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 by westerly winds
during interglacial stages, and it could also have
been accompanied by major dust outbreaks
through transport by the winter monsoon during
glacial stages. The unmixing model of the grainsize 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 Paper II). 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
EHHQ VXSSOLHG E\ WKH<HOORZ 5LYHU ÀRRGSODLQ
from its north.
In this work, the end-member modelling
approach was applied to investigate the
subcomponents of the late Neogene Red Clay
deposits (Paper I). 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
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distribution that was found to vary between sites
)LJ  LQ 3DSHU , 7KH UHVXOWV FRQ¿UPHG WKDW
the main part of the Red Clay was transported
by aeolian processes, but it also pointed out a
ÀXYLDOFRQWULEXWLRQWRWKH5HG&OD\GHSRVLWVDV
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
may 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
LVDPXFK¿QHUVHGLPHQWGRPLQDWHGE\¿QHVLOW
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. (2006) 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 )XUWKHUPRUH ¿HOG
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; Li et al., 2014;
Zhang et al., 2013; Zhu et al., 2008). 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).
7KHUHIRUHWKLVSUREDEO\FRQ¿UPVLQDJUHHPHQW
ZLWK WKH ¿HOG REVHUYDWLRQV WKDW WKH ELPRGDO
clayey end member in the Red Clay is a proxy
for the degree of weathering.
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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 particle size, particularly
for the silt-sized particles (20–60 μm), in loess,
palaeosol and Red Clay sediments (Paper III).
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 occurred 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
LQ GH¿QLQJ DHURG\QDPLF HQG PHPEHUV IRU WKH
reconstruction of wind strength and velocity.

6.4 Climate and tectonic controls on
the dust supply of the CLP loess and
Red Clay
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 occurred 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.
7KHVH WZR HYHQWV VLJQL¿FDQWO\ FKDQJHG WKH
land–sea distribution, triggering intensive
DULGL¿FDWLRQ DQG FRROLQJ RI FRQWLQHQWDO $VLD
and the onset of the Asian monsoon, although
the detailed mechanism remains controversial
(Dupont-Nivet et al., 2008; Harris, 2006; Liu
et al., 2003; Raymo and Ruddiman, 1992;
Zhang et al., 2007). 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 foothills
in the form of alluvial fans, serving as the dust
sources for the CLP (loess) deposits (Fig. 7). In
addition, the growth of the Tibetan Plateau has
separated the westerly jet into a northern and
southern branch. The northern branch, which
ÀRZV DORQJ WKH HGJH RI WKH 173 DQG WKURXJK
Asia’s dry interior, acts as a major medium for
long-term dust transport from the Asian interior
WR WKH 3DFL¿F 2FHDQ )LJ   7KH 7LEHWDQ
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 Ordos
Block (Ding et al., 1998; Sun et al., 1997).
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
(Paper I). Other evidence based on the ostracod
fauna, stable isotopes and palaeo-weathering
indices also indicates that the Qaidam Basin has

experienced 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 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
HDUOLHU E\ FRQ¿UPLQJ WKH SUHVHQFH RI (RFHQH
aeolian dust in the northeastern boundary of the
Tibetan Plateau (Licht et al., 2016b).
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
KDYHDOVRGRFXPHQWHGLQWHQVL¿HGDULGLW\LQWKH
Qaidam Basin and Taklimakan Desert (Liu et
al., 2014; Sun et al., 2015; Wu et al., 2011). 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
DQG FRDUVHU VHGLPHQW ÀX[ VLOW DQG ¿QH VDQG
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component) occurred above palaeosol unit S2
(240 ka) (Paper II). The timing coincides with
LQFUHDVHG ÀXYLDO LQFLVLRQ FDXVHG E\ WHFWRQLF
motions in the Weihe Basin upstream of the
MLP (Fig. 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
UHYHDOHG D VLJQL¿FDQWO\ LQFUHDVHG LQFLVLRQ UDWH
of the Yellow River due to the local tectonic
uplift. Therefore, it is likely that the tectonic
XSOLIWPRYHPHQWVWULJJHUHGWKHLQFUHDVHGÀXYLDO
incision in the Weihe Basin and middle reach of
the Yellow River at around 240 ka. This resulted
LQDQLQFUHDVHGVHGLPHQWÀX[EHLQJWUDQVSRUWHG
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
VXSSO\IRUWKH0/3WKHVHGLPHQWDWLRQÀX[DQG
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.

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
DHROLDQVHGLPHQWV,WZDVWKH¿UVWWLPHWKDW',$
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
(Paper III). The grain size results yielded from
the DIA showed that during the last two glacial–
interglacial cycles, the coarse silt (>32 μm and
 P  DQG ¿QH VDQG IUDFWLRQ ! P  LQ
the loess-palaeosol sequence decreased from
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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 Paper III). These results are
comparable to the grain-size distribution pattern
yielded from the LD analysis (Fig. 4 and Fig. 5
in Paper III). Therefore, this study demonstrated
that DIA is able to precisely measure the grain
size of 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
WKHFDPHUD¿QHUSDUWLFOHVZLOOEHPRUHSUHFLVHO\
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
(Paper IV). 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
ORHVV VKRZHG FORVH DI¿QLW\ ZLWK WKDW RI WKH
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.

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 (Bird et al.,
2015; Che and Li, 2013; Licht et al., 2016a;
Pullen et al., 2011; Stevens et al., 2010; Xiao et al.,
 ZKLFKDOORZVIRUGHWDLOHGTXDQWL¿FDWLRQ
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 (Gong et al.,
2016 and Paper I; Nie et al., 2014). 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 were most abundant in the silt
fraction of 20–60 μm and were analysed with a
laser spot size of 12–25 μm (Che and Li, 2013;
Licht et al., 2016a; Pullen et al., 2011). 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. the Mu
Us Desert and Tengger Desert, have received
considerable attention, there is relatively less
provenance data from distal regions such as
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 NTP contain two prominent zircon age
components at 200–300 Ma and 400–500 Ma
(Pullen et al., 2011; Rittner et al., 2016). Paper I
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, Paper IV demonstrated
the potential of using trace elements in detrital
TXDUW] WR ¿QJHUSULQW WKH VRXUFH RI WKH &/3
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
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pathways of the aeolian deposits and to reduce
the bias that might be induced from observations
and interpretation based on a single provenance
indicator.
End-member modelling of the grain size
dataset of loess and palaeosol sequences
UHYHDOHG WKDW VLOW DQG ¿QH VDQG IUDFWLRQV DUH
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 the
analysed zircon grains being in the size range
RI ± P 7KH RULJLQ RI WKH ¿QHU FOD\H\
fraction in the loess and Red Clay deposits is
beyond the scope of this work. In the future,
comprehensive provenance analyses covering
ERWK WKH FRDUVHU DQG ¿QHU FRPSRQHQW RI WKH
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
WKHGXVWORDGLQJFDSDFLW\RIWKHDLUÀRZDQGWKH
wind velocity in entraining dust from the ground
to the air are highly demanded in explaining and
reconstructing the past wind strength and dust
transport pattern.

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
LQTXDUW]ZHUHXVHGWR¿QJHUSULQWWKHGXVWVRXUFH
and transport process of the late Neogene and
Quaternary aeolian deposits in northern China.
7KHPDLQ¿QGLQJVDQGLPSOLFDWLRQVRIWKHVWXG\
can be summarised as follows:
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(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 dominant; Red Clay
sites in the southern and western CLP receive
more dust from the western deserts, while NE
&/3 5HG &OD\ VKRZV D VWURQJ VRXUFH DI¿QLW\
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
LQWHQVL¿HGWKHDULGLW\RIWKH$VLD,QWHULRU7KH
growth of the Tibetan Plateau also resulted in the
increased denudation of the Northern Tibetan
Plateau and the onset of increased drainage
RI WKH<HOORZ 5LYHU DQG ¿QDOO\ LQFUHDVHG WKH
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
WKH<HOORZ5LYHUÀRRGSODLQQRUWKRIWKH0/3
has served as a dominant source area for the
loess deposits of the MLP at least since 900 ka.
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 movements 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
UHVXOWHGLQWKHIRUPDWLRQRIDODUJHUÀXYLDOIDQ
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
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 systematic shape sorting occurred
during the aeolian suspension transport of silt
SDUWLFOHVDQGIXUWKHUFRQ¿UPLQJWKHSUHOLPLQDU\
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
WR GLIIHUHQW WUDQVSRUW SURFHVVHV 7KH ¿QHVW
clayey end member in the Red Clay deposits
might have been altered by post-depositional
processes.
(6) The trace element content 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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