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ARTICLE INFO ABSTRACT
Keywords: Constraining the provenance of aeolian mineral dust is critical in understanding past climate changes, atmo-
Mineral dust spheric dust activity, circulation, and sediment generation. On the Chinese Loess Plateau (CLP), use of detrital

Single-grain provenance
Detrital zircon

Detrital rutile

Chinese Loess Plateau
Nihewan

zircon U-Pb age data as source tracers for the dust has seen a huge growth and lead to breakthroughs in un-
derstanding dust provenance. However, significant ambiguities remain especially regarding the provenance of
the aeolian Neogene Red Clay (RC). To address this, here we review the state of the art of understanding of
Neogene RC provenance, with a focus on single-grain analyses, and introduce detrital rutile geochemistry as a
tool to complement zircon U-Pb dating. Furthermore, to better utilise the link between the detrital minerals and
their primary origin, we compile primary source region geologic background and single-grain data relevant for
use of geochronological and metamorphic provenance proxy minerals. We discuss four major tectonic divisions
in northern China and southern Mongolia: North China Craton (NCC), Tarim Craton (TC), Central China Orogen
(CCO), parts of the Central Asian Orogenic Belt (CAOB), and briefly summarize the Tibetan-Himalayan orogen.
Many of these regions have been tectonically active during the same time periods in the Earth’s history, and our
analysis demonstrates how use of zircon age data alone has limitations in differentiating between a number of
key potential dust sources to the CLP. Addition of a metamorphic source tracer such as rutile allows some of these
possible source areas to be distinguished. For example, the proximal northern NCC regions that show high—/
ultrahigh-temperature metamorphic conditions can potentially be diagnostic of a northerly source component to
CLP dust. Our combined zircon-rutile data analysis of ca. 4 Ma Nihewan RC in northern CLP verifies the utility of
the novel rutile provenance proxy in sourcing CLP sediments. The zircon and rutile data suggest similar dust
provenance: the dominant sources are proximal areas on the NCC, while contributions from the dry areas in parts
of the CAOB, central deserts, and the Yellow River are also likely. Our results also hint at a minor source
component deriving from distal western source regions in the TC, and/or in the central parts of the CCO, but
rutile data from potential secondary source areas are needed to verify this possibility. We also conclude that
multi-proxy single-grain provenance analyses are needed for more reliable provenance analyses.

Abbreviations: CAOB, Central Asian Orogenic Belt; CCO, Central China Orogen; CLP, Chinese Loess Plateau; EASM, East Asian summer monsoon; EAWM, East
Asian winter monsoon; EKO, East Kunlun Orogen; HP, high-pressure; HT, high-temperature; IMSZ, Inner Mongolia Suture Zone; KB, Khondalite Belt; LIP, Large
Igneous Province; MDS, Multidimensional scaling; MML, Main Mongolian Lineament; NCC, North China Craton; NQO, North Qilian Orogen; NQUHP, North Qaidam
ultrahigh-pressure Belt; PAO, Palaeo-Asian Ocean; QOB, Qinling Orogenic Belt; RC, Red Clay; SGC, Songpan-Ganzi complex; TC, Tarim Craton; TNCO, Trans-North
China Orogen; TP, Tibetan Plateau; TTG, Tonalite-trondhjemite-granodiorite; UHP, Ultrahigh-pressure; UHT, Ultrahigh-temperature; YR, Yellow River.
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1. Introduction

The information linking an eroding original (primary) rock and a
subsequent sediment deposit can persist in a detrital mineral grain for
millions of years. This information is fundamental in understanding the
erosion and denudation of land, and of sediment cycling from source to
sink. For a long time, this fundamental information has been out of reach
for fine-grained, dominantly silt to clay sized wind-blown sediments
(deposits of atmospheric mineral dust), but recently has become more
attainable because new analytical instruments are capable of single-
grain analyses of fine silt particles. This is of crucial importance as it
is increasingly recognised that atmospheric mineral dust plays a signif-
icant role in the global climate system, yet this role is still poorly un-
derstood, and the multiple interactions between dust and climate are
hard to fully synthesize in climate models (Kohfeld and Harrison, 2001;
Shao et al., 2011; Tegen, 2003). For example, Adebiyi and Kok (2020)
recently showed that the coarse (>5 pm) mineral dust component
[which includes the size fraction feasible to be targeted in detrital single-
grain analysis (>10 pm)] is substantially underestimated in climate
models, yet has significant, specific, yet poorly constrained impacts on
climate.

Atmospheric mineral dust (here referred to only as ‘dust’) acts as an
agent of climate change by affecting the radiative balance of the planet,
the chemical composition of the atmosphere, and cloud and precipita-
tion patterns, while its deposition has impacts on the albedo of snow/ice
surfaces, and biogeochemical and carbon cycles (e.g. Aoki et al., 2006;
Coale et al., 1996; Maher et al., 2010; Martin, 1990; Reynolds et al.,
2001; Shao et al., 2011; Tegen et al., 1996; Yin and Chen, 2007).
Furthermore, dust not only acts as an agent of climate change, but
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variations in dust availability, transport, and deposition also respond to
regional and/or global environmental changes, forming complex forcing
and response feedbacks. As such, in order to better understand the
climate system generally, and to improve projection of future climate
and atmospheric circulation, improved global and regional climate
models are needed that have better constrained atmospheric dust pa-
rameters and dust activity. While monitoring of current dust activity is a
crucial part of this, testing the full range of dust-climate interactions
requires constraining dust activity in the past. Provenance research of
atmospheric dust in ancient aeolian silt (loess and "Red Clay’) deposits is
one of the few ways to investigate past atmospheric circulation patterns
and dust generation (especially coarse dust), and provides much needed
information on the interactions between climate, tectonics, and dust.
Knowledge of past dust emission areas, transport mechanisms and
deposition is also relevant for making improved palaeoclimatic re-
constructions from the loess climate proxy records.

The Chinese Loess Plateau (CLP) is a globally exceptional terrestrial
archive of past atmospheric mineral dust. It covers a ~ 440,000 km?
area in North China (Fig. 1), and the thickness of the dust deposits can
reach hundreds of meters. The dust deposits on the CLP and adjacent
areas extend back into the late Oligocene-early Miocene (Guo et al.,
2002b; Qiang et al., 2011) or even into the Eocene (Licht et al., 2014;
Wasiljeff et al., 2020), making them the longest, near continuous record
of climate change on land, and the accumulation of dust still continues
today. Combined, this provides an enormous amount of geologic ma-
terial to study Cenozoic environmental and landscape change, as well as
dust activity. However, while significant advances have been made in
understanding the sources of dust to the CLP in recent years, there is still
much uncertainty about the relative importance of specific source areas
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Fig. 1. The location of the Chinese Loess Plateau (CLP), Yellow River, and potential source areas to the Red Clay and loess, as well as sites mentioned in the text. The
distribution of Neogene-Quaternary loess and Red Clay, loess-like silt, and undifferentiated aeolian sediments are modified from Borker et al. (2018). The Miocene-
Pliocene Red Clay is most extensively distributed in the central CLP (An et al., 2014). The distributions of deserts and wind-eroded land in China are from 1:200,000
Desert Distribution Dataset provided by the Environmental and Ecological Science Data Center for West China, National Natural Science Foundation of China (htt
p://westdc.westgis.ac.cn). EASM: East Asian summer monsoon. EAWM: East Asian winter monsoon. MML: Main Mongolian Lineament. Red Clay sites discussed in
this paper: BD: Baode, CH: Chaona, DW: Dongwan LC: Luochuan, LI: Lingtai, LT: Lantian, NW: Nihewan, SH: Shilou, XF: Xifeng. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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over the Cenozoic (e.g. Licht et al., 2016; Nie et al., 2018; Zhang et al.,
2018a; Zhang et al., 2021a). The use of U-Pb dating of single detrital
zircon grains in particular has revolutionised studies of dust provenance
on the CLP (e.g. Bird et al., 2015; Nie et al., 2014a, 2015, 2018; Shang
et al., 2016; Stevens et al., 2010, 2013; Zhang et al., 2016a, 2018a;
Zhang et al., 2021a) yet the U-Pb ages of zircons from various source
terranes overlap, making further refinement problematic (e.g. Fenn
et al., 2018). Furthermore, these studies require a firm basis in under-
standing the crustal evolution of East Asia in the context of zircon for-
mation and sediment provenance interpretations, yet such a wide scale
synthesis is lacking in the literature. This uncertainty is particularly
marked in the late Neogene CLP sediments, known as the Red Clay (RC)
deposits, for which considerable debate still exists surrounding their
provenance. The late Neogene can be considered as a potential analogue
for future warmer climates (de la Vega et al., 2020). During the late
Neogene, the mean global temperature was ~2-4 °C higher than mod-
ern values (Dowsett et al., 2013; Lunt et al., 2010; Sloan et al., 1996), but
the tectonic setting and topography of East Asia were already similar to
what they are today.

As such, in this paper, we address these gaps by 1) synthesizing
understanding of the geologic background of potential primary source
areas of the late Neogene CLP dust, which enables clear identification of
key features that both facilitate and complicate single-grain provenance
interpretations; 2) compiling existing single-grain provenance datasets
as well as; 3) reviewing past Neogene dust provenance work on the CLP
in order to reveal the current understanding from existing studies; and 4)
testing a new combined single-grain zircon age and rutile geochemistry
provenance approach that aims to utilise both crustal formation age and
metamorphism information to assign dust sources and thereby greatly
refine future provenance interpretations of dust to the CLP.

Our overview of the geologic background of the potential primary
source areas of the CLP dust is aimed at facilitating more effective use of
this information in provenance research, especially through use of
established and novel single-grain methods. Knowledge of this geologic
background is essential in interpreting the protosource information from
detrital mineral studies, particularly where data from secondary (sedi-
mentary) sources are scarce. We define primary source areas as the areas
where the detrital minerals initially crystallized, i.e. the high-altitude
orogens that provide dust material to the low-altitude sedimentary ba-
sins and river systems (secondary sources), as described by Sun et al.
(2020). We also consider the crystalline bedrock underlying the sec-
ondary sources as primary sources. The mineral grains that have been
deposited on the CLP cache information on their formation and alter-
ation in these primary rocks (e.g. age or metamorphic temperature) and
this information can be used in single-grain provenance work. After this
we aim at illustrating the effectiveness of a new multi-proxy provenance
approach using the chemistry of detrital rutile grains, in combination
with U-Pb ages of detrital zircons, using examples from the late Neogene
CLP RC sediments. Although the focus of this paper is on the late
Neogene CLP sediments, it can be used as a general guide for sourcing
CLP sediments of any age.

2. The Neogene Red Clay deposits and their provenance

The aeolian Neogene RC and Quaternary loess-palaeosol deposits on
the CLP formed under the influence of the East Asian Monsoon system.
The East Asian Winter Monsoon (EAWM) and the westerly winds (all
winds deriving from the west to the CLP, not only the high-level westerly
jet stream) transported dust to the CLP during the cold and dry winter
seasons, while the East Asian Summer Monsoon (EASM), originating
from the equatorial ocean, brought heavy rains during the summer
season. During the late Neogene, the EASM was likely intensified (e.g.
Ding et al., 1999; Ren et al., 2020), possibly even stronger than present
(Farnsworth et al., 2019), triggering intense weathering and pedogenic
modification. The RC deposits indeed exhibit higher levels of pedogen-
esis and, possibly also because of the warmer late Neogene climate (Nie
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et al.,, 2014b), furthermore have a stronger reddish colour than the
Quaternary loess-palaeosol sediments. While some authors have sug-
gested combined alluvial and aeolian deposition on mudflats for the RC
formation (Alonso-Zarza et al., 2009; Meijer et al., 2020), the consensus
is that the bulk of the RCs consists of sub-aerially deposited aeolian dust
similar to the Quaternary loess (e.g. Ding et al., 1998a; Guo et al., 2001;
Miao et al., 2004; Qiang et al., 2011; Sun et al., 1998).

The CLP lies downwind of the modern upper Yellow River (YR)
channel-floodplain, numerous mountain belts, and arid regions in
northern China and southern Mongolia (Fig. 1). All these areas may have
been active dust sources over the Cenozoic. The increase in dust accu-
mulation on the CLP during the Neogene has been linked with the ari-
dification of inland Asia and the growth and expansion of Asian dust
sources. These have likely been driven by the combination of global
Cenozoic cooling, uplift of the Tibetan Plateau (TP), the retreat of the
Paratethys Sea, as well as changes in the mid-latitude westerly and Asian
monsoon circulation (An et al., 2001; Guo et al., 2002b; Lu et al., 2010,
2019; Ramstein et al., 1997; Rea et al., 1998). Regional tectonics have
also been thought to be significant factors in controlling dust accumu-
lation on the CLP, both by strengthening the East Asian monsoon system
(An et al., 2001), which can increase erosion in the source areas (Nie
et al., 2018), and also by providing a stable depositional basin as the
basement of the CLP (Wang et al., 2018).

Several late Neogene episodes related to changes in the dust cycle in
central-eastern Asia can be identified from the sediments in the central
Asian dry lands and/or on the CLP:

1) ca. 8-7 Ma: the onset of widespread RC deposition in the most parts
of the CLP (Ding et al., 1998a; Sun et al., 1998; Wang et al., 2018),
the expansion of Asian dust sources and aridification of Asia (e.g. An
et al., 2001; Sun et al., 2009; Lu et al., 2010; Zhang et al., 2018a).

2) ca. 5.3 Ma (Miocene-Pliocene boundary): Global climate change that
further expanded the Asian dust sources at the Miocene-Pliocene
boundary (e.g. Sun and Liu, 2006). This boundary is well
expressed in the RC sequences of the Baode area in northern CLP,
where the late Miocene Baode Formation and the Pliocene Jingle
Formation differ in e.g. colour and fossil record (Zhu et al., 2008).

3) ca. 3.6-3.3 Ma: Expansion of Northern Hemisphere ice sheets and/or
tropical forcing of aridification leading to a cooler and drier climate
(e.g. An et al., 2001; Guo et al., 2002b;; Lu et al., 2010; Su et al.,
2019a), which increased dust availability and transport to the CLP.
The EASM was possibly intensified during this time interval (An
et al., 2001; Ren et al., 2020), triggering increased erosion and dust
availability in source areas (Nie et al., 2018). Recent evidence also
points to relatively weaker westerlies, indicated by decreased dust
fluxes to the CLP and the North Pacific Ocean, before the intensifi-
cation of the Northern Hemisphere glaciation at ca. 2.7 Ma (Abell
et al., 2021).

4) ca. 2.7-2.6 Ma (Pliocene-Pleistocene boundary): Another episode
when Northern Hemisphere glaciations became enhanced (e.g. An
et al., 1999; Ding et al., 2000; Haug et al., 1999; Lu et al., 2010), and
subsequently increased dust availability and transport to the CLP, as
represented by the shift from RC to loess deposition.

Provenance research of the RC deposits allows us to better under-
stand the spatiotemporal variations in the late Neogene wind systems,
the controls on dust emission, and the tendency of dust producing areas
to generate silt, and allow investigation of the causes of these shifts in
late Neogene dustiness over the CLP. There have been extensive studies
into the provenance of aeolian dust deposits on the CLP, using a variety
of techniques and provenance tracers. High mountains and arid lands in
northern and western China, southern Mongolia, and adjacent areas are
likely the most crucial in terms of dust production and storage that
subsequently feeds deposits on the CLP. Northeastern China cannot be
excluded from these potential source areas, although it probably plays a
minor role as a source for the Neogene dust (Shang et al., 2016). At least
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in the Quaternary, the YR has most likely also acted as an important
transport medium, bringing sediments from the Northern TP and
depositing on floodplains and alluvial platforms closer to the CLP, where
they were subsequently deflated and wind-transported to the final
deposition place on the CLP (Nie et al., 2015; Stevens et al., 2013).

Despite this general consensus, there is considerable debate about
the specific sources and temporal changes in source of the late Neogene
RC. While several detrital zircon U-Pb studies have been able to detect
temporal variations in the provenance of the late Neogene RC deposits
(Gong et al., 2017; Nie et al., 2018; Shang et al., 2016), bulk sediment/
whole rock provenance studies have not been able to distinguish those
variations, at least not from the RC units younger than ca. 7 Ma (e.g. Bird
etal., 2020; Chen and Li, 2013; Nie et al., 2013). Detrital mineral single-
grain provenance proxies are in most cases able to distinguish multiple
different sources to a single deposit, which makes them ideal to use on
CLP sediments, which most likely receive material from mixed sources.
However, hypothetically, if detrital zircon ages were used alone in
sourcing the CLP dust, as has frequently been the case, it may lead to
ambiguous provenance interpretations and leaves metamorphic source
area signals underrepresented (Section 3). For example, the detrital
zircon age distributions of most the potential source areas and of almost
all the aeolian sediments on the CLP include the same double peaks in
the 500-400 Ma and 300-200 Ma age ranges (Section 7). Additionally,
potential dust sources in the north and west, such as the Qaidam and
Tarim Basins, and the Northern TP, often share a high peak in early
Palaeozoic zircon ages, which may make it difficult to distinguish these
sources from one another based on zircon age distributions alone.
Various methods have been used to attempt to differentiate between
these age distributions, such as high grain analysis numbers accompa-
nied with quantitative statistical analysis of source area contributions
(Licht et al., 2016; Zhang et al., 2021a), or with comparison of promi-
nent age clusters (Nie et al., 2018), grouping source area age data based
on their tectonic origin (Zhang et al., 2016a) or proximity to the CLP
(Zhang et al., 2018a), as well as other statistical approaches like
multidimensional scaling (MDS; Vermeesch, 2013). Although these ap-
proaches help in source assignments, ambiguities remain when multiple
sources share the double peaks even if in different proportions. While
high-N detrital zircon data provide more possibilities for quantitative
and more reliable provenance interpretations than low-N data, funda-
mentally it is impossible to estimate the proportional influence of each
source age peak to the RC/loess double peaks unless assumptions are
made a priori of mixing contributions (see methods above). Perhaps
even more importantly, use of zircons alone also poses a potential
fertility bias that leads to mafic igneous rocks and metamorphic rocks
being underrepresented in these data sets (e.g. Chew et al., 2020). As a
robust mineral that can survive multiple sedimentary cycles, the use of
zircon also causes complexity when the source to sink route is not
straightforward (Andersen et al., 2016).

While high-N detrital zircon U-Pb dating is arguably the best single
approach for understanding dust sources to the CLP, the ambiguities of
solely using detrital zircon age data in studying the provenance of the
CLP sediments can potentially be overcome by multi-proxy single-grain
provenance analysis. Indeed, Fenn et al. (2018) found that detrital
zircon U-Pb dating alone was unable to detect source detail in Quater-
nary loess that could be revealed when zircon data was combined with
detrital garnet geochemistry. As we outline below, other metamorphic
minerals, such as detrital rutiles, also have potential in distinguishing
sources that cannot be differentiated by zircon U-Pb dating, thus
allowing considerable breakthroughs in assigning specific sources and
source changes to the CLP.

3. Zircon and rutile as provenance tracers
Both zircon (ZrSiO4) and rutile (TiOy) are non-magnetic heavy

minerals (densities 4.6-4.7 g cm ™ for zircon and 4.23-5.5 g cm > for
rutile) and have tetragonal crystal structures. They are very stable both
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mechanically and chemically during weathering, transport, and diage-
netic processes (Morton and Hallsworth, 2007), which allows them to
preserve information from primary source rocks and makes them good
targets for single-grain provenance work. Zircons form in various types
of igneous and metamorphic rocks. Intermediate and felsic igneous
rocks have higher concentrations of zircons than mafic igneous or
metamorphic rocks, which may cause bias in detrital zircon provenance
studies (Slama and Kosler, 2012). Rutile occurs mainly in high-grade
(amphibolite to granulite facies) metamorphic rocks, but is also pre-
sent in alkaline and hydrothermally or metasomatically altered igneous
rocks, and, as an accessory mineral, in various other types of igneous and
metamorphic rocks (Deer et al., 2013; Force, 1980).

The U-Pb method is widely used in geochronology because two decay
series of uranium isotopes (**®¥U and #*°U to 2°°pb and 27Pb, respec-
tively) can be used that are linked via the constant 238(5/235y ratio
(137.88; Steiger and Jager, 1977). Additionally, in e.g. zircon, the
amount of the non-radiogenic isotope of Pb (2°*Pb) at the time of crys-
tallization is minimal, and does not increase afterwards, so the Pb pre-
sent at the time of crystallization can be constrained. Another powerful
feature of the U-Pb system is that the half-lives of the two isotopes are
long enough to cover most of the Earth’s history. The development of
analytical methods has allowed faster analyses of zircon U-Pb ages and
increased their use for provenance work that requires at least 117
(Vermeesch, 2004) or even 300—1000 (Pullen et al., 2014) analyses per
sample to reliably interpret the population presence or absence, and
relative size of age peaks. In the past decade or so, detrital zircon U-Pb
dating has become the most prominent single-grain provenance method
for different types of sediments. Since the initial work of Stevens et al.
(2010), the technique has become widely used in provenance work on
the CLP.

Rutile is the dominant carrier of high field strength elements (Ti, Zr,
Nb, Hf, Ta) in rocks (e.g. Foley et al., 2000; Zack et al., 2002). In nature,
titanium dioxide has two additional polymorphs: brookite and anatase,
which are the low-temperature polymorphs of TiO,, while rutile corre-
sponds to higher pressures and temperatures (Meinhold, 2010). Ac-
cording to Triebold et al. (2011), the three TiO2 polymorphs can be
discriminated based on their V, Cr, Fe, and Nb contents, which is
essential before applying other rutile geochemistry-based provenance
applications.

Rutiles can also be dated with U-Pb isotopes, but there are two other
major applications for provenance studies that are based on the trace
element contents of rutile. One is Zr-in-rutile geothermometry, and the
other is a source rock lithology characterization in terms of whether the
protolith of the metamorphic source rock was pelitic or mafic. Zr-in-
rutile thermometry is based on the fact that Zr content in rutile is
highly temperature-dependent (Tomkins et al., 2007; Watson et al.,
2006; Zack et al., 2004a), and on the assumption that rutile is in equi-
librium with quartz and zircon during growth according to the equi-
librium reaction ZrSiO4 (zircon) = ZrO, (in rutile) + SiOy (quartz/
coesite) (Ferry and Watson, 2007). There are several different Zr-in-
rutile thermometers. Some require an input of the pressure conditions,
which for detrital rutiles is impossible to know. The first Zr-in-rutile
thermometer was introduced by Zack et al. (2004a) and did not
require a pressure component. Watson et al. (2006) offered a revised
thermometer that was also independent of pressure and Ferry and
Watson (2007) took into account the activity of quartz. Tomkins et al.
(2007) presented Zr-in-rutile thermometers that were pressure-
dependent. As it is impossible to determine the metamorphic condi-
tions of the source rocks for each detrital rutile, a systematic assumption
of the conditions must be made. Triebold et al. (2012) suggest using the
thermometer by Tomkins et al. (2007) with a default setting of 10 kbar
and a-quartz. Triebold et al. (2012) argue that equilibrium with either o-
or B-quartz is much more likely than with coesite, the high-pressure form
of quartz, and that the difference between a- and p-quartz is very small.
In general, the differences between the various Zr-in-rutile thermome-
ters are relatively small and do not significantly change the
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interpretation.

The lithological classification of the source rock protolith based on
the Nb and Cr contents of rutiles was first introduced by Zack et al.
(2002). Metamafic (—basic) rutiles show lower Nb and higher Cr con-
tents than metapelitic rutiles. Triebold et al. (2007) later noticed that
eclogites (high-pressure metamafic rocks) do not directly follow this
discrimination and suggested a log(Cr/Nb) = O ratio as the discriminator
of the two lithologies. Furthermore, Meinhold et al. (2008) added a
lower limit of 800 ppm Nb for metapelitic rutiles. For provenance
studies, Triebold et al. (2012) suggested yet another discrimination
method: x = 5*(Nb[ppm] - 500) - Cr[ppm]. Using this equation, meta-
mafic rutiles will yield negative values of x and metapelitic rutiles will
yield positive values. Despite the development in the method, the Cr-Nb
discrimination still cannot be used blindly, especially in cases where the
Nb and Cr contents are low and the geological conditions have been
unusual. Exceptions in such cases should be carefully reviewed. Kooij-
man et al. (2012), and Meyer et al. (2011) have shown that in some
ultrahigh-temperature (UHT) granulites, the Cr-Nb discrimination is not
completely valid and is disturbed by retrograde processes.

Despite its potential, rutile is less commonly used as a provenance
proxy than zircon. In aeolian deposits, detrital rutile geochemistry has so
far only been tested on European loess sequences (Ujvari et al., 2013)
and no rutile provenance studies of the CLP sediments have been pub-
lished so far. Since both zircon and rutile are non-magnetic heavy
minerals, they can be separated from the bulk sediment simultaneously
with the same traditional separation methods, i.e. heavy mineral and
magnetic separations. Furthermore, because rutile and zircon share
similar physical properties (specific gravity, crystal system (shape),
magnetic properties), it is likely that they share similar transport paths.
This means that differences in provenance indicated from zircons and
rutiles likely result from the types of primary source rocks that they can
be traced to. Zircons likely have eroded from intermediate or felsic
rocks, while rutiles probably originate from metamorphic rocks that
may initially have been sedimentary or igneous rocks. Thus, with the
two minerals, it is essentially possible to cover all major types of po-
tential primary source rocks to some extent. In cases where two or more
source areas share similar zircon age signals, rutile geochemistry has
potential to distinguish those sources, if they have contrasting meta-
morphic histories.

However, the use of detrital zircon and rutile as provenance tracers
requires good understanding of the tectonic and metamorphic histories
of the primary dust source areas. This especially concerns the use of
detrital rutile because there are no published rutile data from the pre-
sumed secondary (sedimentary) sources to the CLP. With the two min-
erals (and the information that they hold on the primary source rocks) in
mind, in the next section we present geological background on northern,
western and northeastern China, as well as southern Mongolia relevant
to provenance interpretation. After that, we summarise previously
published zircon U-Pb data from the potential secondary sources, and
report previously published rutile geochemistry from the primary source
regions. We also summarise previous single-grain provenance work
done on the Neogene RC. Finally, in order to illustrate the potential of
the joint zircon and rutile provenance method, and to utilise the
compiled primary source region data, we then report and interpret new
zircon and rutile provenance data from a ca. 4 Ma unit of Nihewan RC,
located in the northern CLP. Our aims here are to provide a benchmark
geologic background and rutile and zircon database for northern China-
southern Mongolia that enables better interpretation of zircon age and
rutile trace element data in terms of provenance on the CLP, and to
demonstrate the potential of a combined zircon and rutile single-grain
approach in making significant advances in understanding dust sour-
ces to the CLP.

4. Short geologic background of the primary source regions

The geology of China and Mongolia reflects their formation via
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multiple continental block collisions. The collisional history dates back
to the Archean and still continues today as the Indian plate is colliding
with the Eurasian plate. Although Precambrian rocks occur in most areas
covered in this paper, Precambrian China can be divided into three
major blocks: the North China Craton (NCC), Tarim Craton (TC), and
South China Craton (Fig. 2), while Precambrian Mongolia consists of
various microcontinental blocks of which most are in northern Mongolia
(e.g. Badarch et al., 2002). Parts of the major Precambrian blocks and of
other older continental fragments and tectonic elements in China have
widely experienced ultrahigh-pressure (UHP) metamorphic conditions
during the Phanerozoic (Stern et al., 2018). Coupled with abundant
ophiolite belts and collisional orogenies, they mark the closure events of
multiple pre-existing oceans (Stern et al., 2018). In fact, a major part of
northern and western China, and of Mongolia, formed during Palaeozoic
to Mesozoic closures of the Proto-Tethys (early Palaeozoic), the Palaeo-
Tethys (early Mesozoic), and/or the Palaeo-Asian (late Palaeozoic to
early Mesozoic) Oceans (e.g. Zhao et al., 2018 and references therein;
Fig. 2). Most metamorphic terranes of the area correspond to these
events.

Middle to Late Mesozoic igneous rocks in China and Mongolia are
mainly related to the ‘Yanshan Revolution’ (or ‘Yanshan Movement’)
that mostly affected areas in eastern China and Mongolia (Fig. 2 and
Fig. 1 in Dong et al., 2015). The youngest tectonic events of the study
region are related to the formation of the Tibetan-Himalayan orogen,
which has predominantly affected the CLP sediments and their accu-
mulation by changing the atmospheric circulation and climatic controls
in the region through TP uplift (e.g. An et al., 2001), by reactivating
older orogenic belts, which increases erosion from those primary sour-
ces, and by changing river drainage.

The current area of exposed metamorphic rocks in China accounts for
one fifth of the land area (Geng et al., 2018). The abundance of meta-
morphic terranes in Northern China and adjacent areas gives rise to
provenance work that focuses on the metamorphism of the source rocks,
or in this case, the metamorphic temperatures recorded by rutile. All the
previously published Zr-in-rutile temperatures from the primary source
areas are listed in Section 8. In the following text, the term metamorphic
facies is used to describe metamorphic conditions, which depend on
both pressure and temperature. Consequently, it is impossible to set
exact temperature limits for each metamorphic facies. However, some
approximate temperature ranges of different metamorphic facies can be
constructed. Here the division of the facies used by e.g. Zack et al.
(2004b) is followed: <500 °C for greenschist/blueschist facies,
500-750 °C for amphibolite/eclogite facies, and > 750 °C for granulite
facies. Granulite facies rocks can be further classified as high-
temperature (HT) or UHT rocks if their formation temperature exceeds
800 °C or 900 °C, respectively. It is also possible to have high-pressure
(HP)/UHP rocks (blueschist or eclogite facies), especially in subduc-
tion zones where the subducting plate can reach considerable depths.
HP/UHP rocks, however, do not necessarily have high formation tem-
peratures. These are essential distinctions to make in using rutile
palaeothermometry in provenance work, and to aid future in-
terpretations we summarise the state of the art of these aspects below.

As this review aims to describe northern China-southern Mongolia
geologic history with a focus on provenance studies on the CLP, and for
clarity, the divisions of the terranes in this paper may not be consistent
with other divisions made in previous studies that focus solely on the
geological history and processes in the study region. The complexity of
the regional geology has also made occasional simplification of the
terrane descriptions unavoidable, which may have led to some infor-
mation not being fully reported here. The next two sections describe the
primary source areas. Firstly, geochronology, which aids provenance
interpretations made from detrital mineral formation ages, and sec-
ondly, metamorphic temperatures, which help provenance inferences
made from metamorphic detrital minerals. In addition to short sum-
maries at the end of Sections 5 and 6, the primary source region data
discussed in the following sections are also compiled in Table 1.



Table 1

Summary of the primary source region data discussed in Sections 5 and 6.

Potential source region

Primary source terranes

Metamorphic T [°C]

HT/UHT metam. T
[°cl

Ages (of crystalline rocks)

200-300 Ma 300-400 Ma 400-540 Ma 0.54-1.0 Ga 1.0-2.5 Ga >2.5 Ga
Western China distal Tarim Craton & Tarim 300-400" & 800-860° 280-300* 0.7-1.05%7 1.8-2.58910.11 2.5-2.6711
sources LIP 660-700?
West Kunlun 620-720'2 800-820'2 21413 405-471"3
South Tianshan <580 800-960'° 270-290'° 320-420'°
Altyn Tagh ~600-80017:18:19 800-870%° & 450-510%° 0.90-0.942 1.1-2.3%2 2.6-3.6°
~950'8
Northwestern China distal Junggar 270-300'° 510%2 1.85%2
sources Central Tianshan <500' & 750-800%%  800-840%% 250-3001° 300-400'° 400-500'° 0.8-1.0'° 1.0-1.45 & 1.8'° 2.516
North Tianshan 260-300'6 300-400'¢ 400-450'6
Yili low- and high-grade 260-300'° 300-400'° 400-470'° 0.85-0.93'°
rocks!®2*
Chinese Altai <780%%8 ~980%° 260-290%° 365-390%282%  410-541%° 0.54-0.92%°
Central China (West of CLP)  Qaidam 910-1010%° 240-290%! 380-400%! 400-470%! 0.92 & 0.96°!
sources North Qaidam UHP Belt ~ <650°2-8003334 800-880%23% & 400-460%
960-1040°°
East Kunlun Orogen 535-770%0-38 220-250% 400-540% 0.95-1.0% 1.0-2.2%8 2.5-2.7%
Qilian orogen (Qilian 420-5573440.41 ca. 370-400%? 400-520%83942  (ca, 0.9%°
Block & North Qilian (NQO)
Orogen)
Songpan-Ganzi low-grade rocks** 200-230%546
Northern China, Southern Beishan ~600 & 730-800% 800-840%7 ca. 300 340-400%84° 400-500%4° 0.7*% &
Mongolian (NW of CLP) 0.9-1.0%°
sources Northern Alxa ~ < 750°1 270-300°2 360-370%!
CAOB terranes in S ~ < 750% ca. 300-400°%>* 400-540%3-55 ca.
Mongolia 250-300%>>* 0.9-1.0%7
NE China sources Southern orogen <5008 ca. 240-280>° ca. 450%°
Northern orogen <790%° ca. 230-300%°  ca. 300-340° ca. 420-520%°
NE China & NE China ~650°! <850°! ca. 250%2 ca. 320%2 ca. ca. 1.7-1.98% 2.5-2.8%%
Khondalite Belt 450-540°263 0.65-1.0%°
Sources south of CLP Qinling ~700%4 880-920%° 200-300°%:7 400-510°0:67 0.7-1.0%6%7
Dabie 680-800°5:%° 800-830°%8 & 930°° 200-24071 0.75"! ca1.8-2.0"! ca. 2,57
Sources east of CLP Sulu 220-2307! ca. 0.757! 1.8-2.0" 257
Eastern NCC <75072 ~840-115072 ca. 1.9-2.272737%  250-2.55 &
2.7-2.87°
Proximal sources TNCO ~740-8007° 800-9307%77 ca. 1.8-2.57478-80
W NCC ~600-800°! 850-10005182 ca. 2.50-2.55 &
(KB) 1.92-1.957483-84 2.7-2.87°

References: 1. Zhang et al. (1999); 2. Ge et al. (2016); 3. Zhang et al. (2012b); 4. Xu et al. (2014); 5. Ge et al. (2014a); 6. Lu et al. (2008); 7. Zhang et al. (2013); 8. Wang et al. (2014a); 9. Zhu et al. (2011); 10. Ge et al.
(2013a); 11. Geetal. (2014b); 12. Quet al. (2007); 13. Yuan et al. (2002); 14. Gao et al. (1999); 15. Wang et al. (1999); 16. Han and Zhao (2018) and references therein; 17. Dong et al. (2018a); 18. Zhang et al. (2014a); 19.
Liu et al. (2012a); 20. Liu et al. (2010); 21. Wang et al. (2013); 22. Zhou et al. (2018); 23. Mao et al. (2015); 24. Wang et al. (2014b); 25. Liu et al. (2020a); 26. Jiang et al. (2015); 27. Wei et al. (2007); 28. Jiang et al.
(2010); 29. Windley et al. (2002); 30. Teng et al. (2020); 31. Cheng et al. (2017) and references therein; 32. Zhou et al. (2019); 33. Zhang et al. (2008); 34. Zhang et al. (2010); 35. Song et al. (2004); 36. Liu et al. (2005); 37.
Meng et al. (2013); 38. Song et al. (2018); 39. Dong et al. (2018b) and references therein; 40. Song et al. (2007); 41. Zhang et al. (2007); 42. Song et al. (2013b); 43. Wan et al. (2001); 44. Yin and Harrison (2000); 45. Roger
et al. (2004); 46: Zhang et al. (2014b); 47. (Zong et al., 2017); 48. Song et al. (2013a); 49. Xiao et al. (2010); 50. Liu et al. (2015a); 51. Zhao et al. (2020); 52. Liu et al. (2017); 53. Badarch et al. (2002) and references
therein; 54. Taylor et al. (2013); 55. Demoux et al. (2009); 56. Wang et al. (2001); 57. Yarmolyuk et al. (2005); 58. Zhang et al. (2016b); 59. Eizenhofer and Zhao (2018) and references therein; 60. Zhang et al. (2018b); 61.
Zhou and Wilde (2013) and references therein; 62. Wu et al. (2011); 63. Zhou et al. (2018) and references therein; 64. You et al. (1993); 65. Bader et al. (2013) and references therein; 66. Dong et al. (2011) and references
therein; 67. Dong and Santosh (2016) and references therein; 68. Zhang et al. (1996); 69. Lei et al. (2020); 70. Li et al. (2010); 71. Hacker et al. (2006); 72. Cai et al. (2020); 73. Zhao et al. (2012); 74. Zhao et al. (2005); 75.
Zhao and Cawood (2012); 76. Wang et al. (2020); 77. Guo et al. (2002a); 78. Wang et al. (2010); 79. Trap et al. (2012); 80. Tang and Santosh (2018); 81. Jiao et al. (2011); 82. Zhao et al. (1999); 83. Santosh et al. (2007a);

84. Santosh et al. (2007b).
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5. Geochronology of the primary source regions
5.1. North China Craton

The oldest rocks of Asia are found in the eastern North China Craton
(NCC: also known as the Sino-Korean Craton in the literature), and date
back to ca. 3.8 Ga (Wan et al., 2012). Despite the occurrence of some
Eoarchean rocks, most Archean rocks in the NCC are Neoarchean, hav-
ing formed during two magmatic events at 2.8-2.7 Ga and 2.55-2.50 Ga
(Zhai and Zhou, 2015; Zhao and Cawood, 2012). The NCC itself consists
of two Archean blocks, the Western and Eastern Blocks, which are
divided by the Palaeoproterozoic (ca. 2.5-1.8 Ga) Trans-North China
Orogen (TNCO; Fig. 2) (e.g. Wang et al., 2010; Trap et al., 2012; Tang
and Santosh, 2018 and references therein; Zhao et al., 2000, 2005,
2008). The TNCO has recorded major rock-forming events at ca. 2.5 Ga,
ca. 2.1 Ga, and during the final collision of the Western and Eastern
Blocks at ca. 1.9-1.8 Ga (e.g. Trap et al., 2012; Tang and Santosh, 2018
and references therein; Wang et al., 2010; Zhao et al., 2005, 2008). The
Western Block is further divided into Yinshan and Ordos Blocks by the
~east-west trending Palaeoproterozoic (ca. 1.95-1.92 Ga; Zhao et al.,
2005; Santosh et al., 2007a, 2007b) Inner Mongolia Suture Zone (IMSZ).
The CLP is located mostly on the Ordos Block and the TNCO. The Liiliang
Complex (Mts.) which is close to the Shilou RC (Figs. 11 and A1), mostly
records tectonic events of ca. 1.88-1.82 Ga, and other events at ca. 2.2
Ga, 2.1 Ga, and 1.95-1.9 Ga (Liu et al., 2006; Tang and Santosh, 2018
and references therein). The Eastern Block of the NCC is also divided
into two blocks, Longgang and Langrim, separated by a Palae-
oproterozoic orogenic belt, the ca. 2.2-1.9 Ga Jiao-Liao-Ji Belt (Zhao
et al., 2005, 2012 and references therein; Cai et al., 2020 and references
therein).

5.2. Tarim Craton and Altyn Tagh

The TC is mostly covered by the Cenozoic sediments of the Takla-
makan Desert (Sun et al., 2009; Zheng et al., 2015), and the exposed
basement rocks can only be found on its margins. The desert, which
possibly acts as a distal western source for the aeolian CLP sediments, is
surrounded by several mountain belts: the Tianshan Mts. to the north,
the western Kunlun Mts. to the south, and the Altyn Tagh Mts. to the
southeast. The exposed basement rocks can be divided into five blocks
(clockwise from the north- to southwest): Aksu, Kuruqtagh (Kuruktag,
Qurugqtagh or Kuluketage), Dunhuang, North Altyn Tagh, and Tiekelike
(Tiekelike uplift or the North Kunlun Terrane) Blocks (Fig. 2). The
Precambrian evolution of TC is still debated, although the Proterozoic
linkages to the assembly and breakup of the supercontinents Columbia/
Nuna and Rodinia are agreed upon (e.g. Ge et al., 2014a, 2016; Lu et al.,
2008; Shu et al., 2011; Wang et al., 2013; Zhang et al., 2013). The North
Altyn Tagh, which is the northern/northeasternmost part of Altyn Tagh
orogen, is considered to belong to the Archean-Palaeoproterozoic
basement of the TC, but the rest of Altyn Tagh is commonly treated
separately (e.g. Lu et al., 2008; Wang et al., 2013; Zhao and Cawood,
2012).

Archean rocks in TC, most of which formed at ca. 2.6-2.5 Ga, are
mainly found on the eastern and northern margins of the craton, from
the Kuruqtagh and Dunhuang Blocks, and North Altyn Tagh (Ge et al.,
2014b and references therein; Lu et al., 2008; Zhang et al., 2013 and
references therein, Zhao and Cawood, 2012 and references therein). The
prevailing cratonic basement rocks, however, are Palaeoproterozoic
mafic-felsic intrusions and high-grade metamorphic rocks, and Meso- to
Neoproterozoic low-grade metasedimentary and volcanic strata (Lu
et al., 2008; Stern et al., 2018; Zhao and Cawood, 2012).

Major Palaeoproterozoic tectonothermal events in the eastern and
southern margin of the TC (Dunhuang, and Tiekelike Blocks, and North
Altyn Tagh), as well as in the western tip of the Yinshan Block in the NCC
(Alxa Block), are almost coeval, at ca. 2.5-2.2 Ga and 2.1-1.8 Ga, and
probably related to the assembly of the Columbia/Nuna supercontinent
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(Wang et al., 2014a and references therein). Also in the NE margin of TC
in Kuruqtagh, magmatic events at 2.47 Ga have been reported (Shu
et al., 2011), and major metamorphic events occurred at ca. 2.0-1.8 Ga
(Ge et al., 2013a; Ge et al., 2014b). Detrital zircons from (meta)sedi-
mentary rocks in the Aksu Block in the NW TC suggest that a Palae-
oproterozoic (ca. 2.0-1.8 Ga) orogeny extended to this region as well
(Zhu et al., 2011).

The Kuruqtagh and Tiekelike Blocks in the NE and SW TC, respec-
tively, as well as the southern parts of Altyn Tagh, have recorded late
Mesoproterozoic to early Neoproterozoic orogenic events (ca. 1.0-0.9
Ga) and subsequent rifting events (ca. 0.9-0.7 Ga) that have been linked
with assembly and break-up of the Rodinia supercontinent (e.g. Ge et al.,
2014a; Lu et al., 2008; Wang et al., 2013; Zhang et al., 2013). In the NW
margin of TC, the Aksu Group, which consists of mafic green- and
blueschists, and metasedimentary rocks, formed in a Neoproterozoic
active margin where the HP blueschist metamorphism likely occurred
between ca. 730-700 Ma (Zhu et al., 2011), although some suggest an
earlier age of before ca. 760 Ma (Zhang et al., 2013). The Precambrian
basement of the TC is covered by Neoproterozoic to Cambrian sedi-
mentary sequences that are preserved in both northern and southern
parts of the TC (Zhang et al., 2013). They are particularly well exposed
in the Aksu Block in the NW margin of TC, where the late Neo-
proterozoic Sinian sedimentary rocks have a maximum depositional age
of ca. 602 Ma (Zhu et al., 2011).

The southern margin of TC collided with the Qiantang Block forming
the West Kunlun in the Early Palaeozoic (Section 5.3). Parts of Altyn
Tagh were also metamorphosed in an Early Palaeozoic collisional
orogenic event that manifests itself in ca. 510-450 Ma high-grade (HP-
UHP) metamorphic rocks (Liu et al., 2010, 2012a; Wang et al., 2013).
The northern margin of TC on the other hand amalgamated with the
southwestern part of the Central Asian Orogenic Belt (CAOB) in the late
Palaeozoic during the Tianshan orogen (Section 5.4). TC has also
recorded late Palaeozoic plume activity. The Tarim Large Igneous
Province (LIP) that extends over a > 250,000 km? wide area in the
central and western parts of the craton (Fig. 2), formed in three stages at
around 300-280 Ma (Xu et al., 2014).

5.3. Central China Orogen

The E-W trending Kunlun-Qilian-Qinling-Dabie-Sulu orogenic belts
start from southwestern TC and spread out all the way to eastern China
(Fig. 2), together also called the Central China Orogen (CCO). The CCO
formed during closure of the Proto-Tethys Ocean, but some parts have
also recorded the closure of the Palaeo-Tethys Ocean (Zhao et al., 2018
and references therein; Fig. 2). To the south of the TC, the West and East
Kunlun Blocks/Mts./orogenic belts are separated by the Altyn Tagh
Fault (Fig. 2). The West Kunlun acts as a potential distal western (pri-
mary) source to the CLP sediments via the Tarim Basin/Taklamakan
Desert, but likely also blocks any major dust transport from further west.
The West Kunlun formed in two stages of subduction-collision between
the TC and Qiantang Block: first, in the closure of the Proto-Tethys, that
lasted from mid-Ordovician to late Ordovician followed by postcolli-
sional early Devonian events, and secondly, in the closure of Palaeo-
Tethys from early Permian to the late Triassic (Yuan et al., 2002; Zhao
et al., 2018 and references therein).

Compared to the West Kunlun and TC, the East Kunlun Orogen
(EKO), the Songpan-Ganzi complex (SGC), the Altyn Tagh Mts., the
Qaidam Block, and the Qilian Mts. (Fig. 2) act as more proximal primary
western source regions to the CLP sediments via the Qaidam Basin or
proximal deserts and, in the eastern parts, via the YR. They are located in
the northern margin of the TP. Despite a sporadic occurrence of Triassic-
Jurassic (ca. 230-150 Ma) granites (e.g. Roger et al., 2004; Zhang et al.,
2014b), the SGC differs from the other areas in that, instead of crystal-
line rocks, it consists mostly of Triassic flysch sediments that are
intensely deformed and/or metamorphosed in low-grade conditions (e.
g. Yin and Harrison, 2000). The Triassic sediments of the SGC were
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sourced from the north (EKO, NCC), east (Qinling-Dabie orogenic sys-
tem), and south (South China Craton) of the complex (Enkelmann et al.,
2007; Weislogel et al., 2006; Yin and Harrison, 2000), which suggests
that detrital zircons from the SGC have a wide age range (see Section 7).
The SGC is included in this review, because the YR starts from the
complex, and some detritus may therefore have been transported
downstream in the river and eventually ended up to the CLP. However, it
is unlikely that the SGC has acted as a major source for the aeolian CLP
sediments and it is uncertain if the YR had formed already in the
Neogene.

All the areas north of the SGC in the CCO have a strong early
Palaeozoic age component (Fig. 2), but the geologic history extends back
to the Proterozoic. The EKO formed during collision of the Qiangtang
and Qaidam Blocks (Dong et al., 2018b), but the tectonic history of EKO
is complex and not well understood. Although the basement of the EKO
includes various Proterozoic metamorphic rocks, the major part of the
block consists of widespread ophiolites and other subduction-related
rocks that have formed during the early Palaeozoic (ca. 500-400 Ma)
(Dong et al., 2018b; Stern et al., 2018). Parts of the EKO also record the
closure of the Palaeo-Tethys Ocean in Triassic Period (Dong et al.,
2018b).

Between the EKO in the south, the Altyn Tagh Mts. in the northwest,
and the Qilian Mts. in the northeast, lies the Qaidam Block (Fig. 2),
whose basement rocks reflect the tectonic history of those three orogenic
belts (Cheng et al., 2017). The major age groups of the plutonic rocks of
the Qaidam basement are early Neoproterozoic (955 Ma and 916 Ma),
early Palaeozoic (470-380 Ma) and late Palaeozoic to Mesozoic
(290-240 Ma) (Cheng et al., 2017 and references therein). The Qaidam
Block collided with the Qilian Block during Ordovician-Silurian time
(ca. 450 Ma), forming the North Qaidam UHP Belt (NQUHP; e.g. Zhang
et al., 2008).

Further north, the Qilian Orogen can be subdivided into the North
Qilian Orogen (NQO) and the Qilian Block (Fig. 2). According to Song
et al. (2013b) the Qilian Orogen records tectonic events from the Neo-
proterozoic breakup of the supercontinent Rodinia to the closure of the
Qilian Ocean (potentially part of the Proto-Tethys Ocean) at ca. 445 Ma,
and to the subsequent mountain-building in the late Silurian and
Devonian. Eventually, in the late Devonian, post-orogenic extension
resulted in the collapse of the Qilian orogenic belt, and in the Carbon-
iferous, marine sedimentary deposits formed in the NQO until the India-
Asia collision in the Cenozoic started to re-activate the mountains (Song
et al., 2013b).

The eastern parts of the CCO that are located south and (south)east of
the CLP, include the Qinling Orogenic Belt (QOB) and the Dabie-Sulu
orogenic belt (Fig. 2). The latter is usually not considered as a source
region for the CLP sediments, but because it is part of the CCO and
located relatively close to the CLP, it is briefly discussed here. Because of
its proximity, the QOB, on the other hand, has likely provided material
at least to the southern CLP (Zhang et al., 2018a). The QOB, which forms
the mountain belt that separates North and South China and broadly acts
as the southern boundary of the CLP, formed in the collision between the
NCC and South China Craton (Dong and Santosh, 2016 and references
therein; Dong et al., 2011 and references therein). According to Dong
and Santosh (2016), four distinct accretion and collision events occurred
in the QOB: 1) the ca. 1.0 Ga Grenvillian orogeny, 2) a Neoproterozoic
subduction/accretion, 3) two-stage subduction during the early Palae-
ozoic and late Palaeozoic, and 4) the late Triassic collision between the
South China Craton and the southern part of the QOB. Even later, Early
Jurassic to Cretaceous and Palaeogene tectonics evolved the QOB into
an intra-continental orogen (Dong and Santosh, 2016; Dong et al.,
2011). The age peaks from the igneous rocks from the QOB correspond
to these events: ca. 950-900 Ma, 800 Ma, 450 Ma, 200 Ma, and 150 Ma
(Fig. 6 in Dong and Santosh, 2016; Dong et al., 2011).

The Dabie-Sulu orogenic belt between the NCC and South China
Craton is an UHP metamorphic terrane. The Dabie Block can also be
considered as a continuation of the Triassic Qinling collisional orogen.
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Similarly to the QOB, the Dabie Block consists mainly of Triassic
metamorphic rocks and Jurassic-Cretaceous (ca. 135-125 Ma; Li et al.,
2010) igneous rocks (e.g. Hacker et al., 2006; Zhang et al., 1996). The
Sulu Block is displaced to the northeast of Dabie Block by the Tan-Lu
Fault (Fig. 2). The peak UHP metamorphism in Sulu has been dated to
ca. 230-220 Ma (Hacker et al., 2006). Pre-Triassic zircon ages from Sulu
area show peaks at ca. 2500 Ma, 2000-1800 Ma, and 750 Ma (Hacker
et al., 2006).

5.4. Central Asian Orogenic Belt

The CAOB (also termed as the Altaids) is a potential north-
northwestern primary source area to the CLP sediments and it is
commonly referred to when the dust transport is designated to the
EAWM. The CAOB spreads out from northern China to Mongolia and all
the way to the Ural Mountains in Russia. It is bounded by the Siberian
and Baltica cratons in the north and by the TC and NCC in the south. The
CAOB is a combination of various Archean to Neoproterozoic micro-
continental blocks or continental fragments, various arc systems and
other tectonic elements that have amalgamated together in the closure
of the Palaeo-Asian Ocean (PAO). The CAOB started to form already
during the latest Mesoproterozoic (ca. 1 Ga) (Khain et al., 2002),
although some suggest a later time at ca. 600 Ma (Wilhem et al., 2012).
The eastward propagating final closure of the PAO occurred at the
southern margin of CAOB during the late Palaeozoic-early Mesozoic
time (e.g. Eizenhofer et al., 2014; Eizenhofer and Zhao, 2018; Wang
et al., 2017a; Xiao et al., 2003; Zhou et al., 2018). The suture zones,
along which the PAO closed, are the Tianshan Suture in the south-
western CAOB, the Beishan-Alxa Suture in the southern CAOB and the
Solonker Suture in the southeastern CAOB (Fig. 2).

In the following text, only the Mongolian and Chinese parts of the
CAOB are considered, since it is unlikely that aeolian sediments from
central Asia have been able to cross the various mountain belts that act
as barriers in the west. Consequently, even though Mongolia forms the
heart of the CAOB, only the southern part of the country is a focus here.
Traditionally, Mongolia has been subdivided into two geologic domains
that are separated by an approximate topographic and structural
boundary called the Main Mongolian Lineament (MML) (Badarch et al.,
2002 and references therein) (Figs. 1 and 2). The northern domain is
generally older with mainly Neoproterozoic blocks that were affected by
an early Palaeozoic orogeny, while the southern domain contains early
Palaeozoic blocks reworked by late Palaeozoic to early Mesozoic tecto-
nothermal events (Badarch et al., 2002 and references therein; Kroner
et al., 2010). The MML follows the Mongolian Altai and Gobi-Altai Mts.
in the west and continues roughly north of the Zuunbayan Basin in
eastern Mongolia (Fig. A1; Badarch et al., 2002). It is likely that the MML
also acts as a barrier for dust transport from northern Mongolia to the
CLP. The Mongolian Gobi Desert is located mostly in the southern
domain (Fig. 1).

Because of its complexity, there have been variable practices in the
literature regarding the subdivision of the CAOB. This text will focus on
eight different regions of the CAOB: Chinese Altai, Junggar, Yili, Chinese
Tianshan, Beishan, Northern Alxa, Southern Mongolia, and NE China. In
Figs. 2 and 3, the Southern Mongolia domain and adjacent areas are
further divided into smaller terranes according to Badarch et al. (2002)
and Parfenov et al. (2004), but these terranes are not discussed in detail.

5.4.1. CAOB in western China

The Chinese Altai, Junggar, Yili, and the Chinese Tianshan (North,
Central, and South Tianshan; Fig. 2) surround the Gurbantunggut
Desert/Junggar Basin (Fig. 1) that acts as a potential distal northwestern
secondary source to the aeolian CLP sediments. The Junggar Block,
which includes the Junggar and Turpan Basins (Fig. A1), and the North
Tianshan, south of the Altai Mts., is mostly covered by Palaeozoic-
Cenozoic sedimentary rocks. Although the basement rocks of the
Junggar Block are largely unknown, the >450 Ma aged detrital zircons
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from the block suggest dominant early Palaeozoic (ca. 510 Ma), and
minor Palaeoproterozoic (ca. 1850 Ma) basement rock components
(Zhou et al., 2018). The Junggar Basin is also surrounded by abundant
Carboniferous and Permian rocks in the Chinese Altai, East Junggar Arc
(south of Altai), North Tianshan and West Junggar Arc (northwest of
Junggar Basin) (Han and Zhao, 2018; Wilhem et al., 2012).

Precambrian terranes are found from Central Tianshan, the Yili
Block, and the Chinese Altai. The oldest rocks of this region are in
Central Tianshan, where the major magmatic episodes took place at ca.
2.5 Ga, 1.8 Ga, and 1.45-0.8 Ga (Han and Zhao, 2018 and references
therein). West of the Junggar Block, the Yili Block contains Meso- to
Neoproterozoic basement rocks and abundant Palaeozoic rocks (Han
and Zhao, 2018). North of the Junggar Block, the Chinese Altai formed
during the long-lived Altai Orogen, which started in the Neoproterozoic
and lasted until late Cenozoic, although its main period of evolution had
ended by late Palaeozoic (Windley et al., 2002). The northernmost tip of
the Chinese Altai consists mostly of late Neoproterozoic to Middle
Ordovician metasediments and volcanic rocks, but magmatic events
have lasted until Early Devonian (Windley et al., 2002). Compared to the
northern part, the central part of the Chinese Altai is mostly Neo-
proterozoic to Silurian terrane that includes abundant high-grade
metamorphic rocks and granites as well as metasediments (Windley
et al., 2002). Younger rocks, such as late Devonian to Early Carbonif-
erous granites are also present. Devonian to Early Carboniferous
magmatic rocks are found mostly in the southern margin of the Chinese
Altai (Windley et al., 2002). Two metamorphic events have been
recorded from the Chinese Altai. First, at 390-365 Ma (Jiang et al.,
2010; Liu et al., 2020a and references therein) and later at 293-260 Ma
(Liu et al., 2020a and references therein).

The Chinese Tianshan can be divided into three units: North, Central,
and South Tianshan (Fig. 2). The North Tianshan is located between the
Junggar Basin and the Yili Block/Basin in the west and continues to the
south of the Junggar and Turpan Basins in the east (Fig. 2). South
Tianshan is located on the northern margin of the TC, and Central
Tianshan forms strips between the Yili Block-North Tianshan and South
Tianshan (Fig. 2). According to Han and Zhao (2018), no Precambrian
rocks are found from the North Tianshan, but Palaeozoic magmatism
was pervasive between ca. 450-260 Ma. Similarly, the Precambrian
basement in Central Tianshan is overlain by Palaeozoic strata including
granitoids with a continuous age range from ca. 500 Ma to ca. 250 Ma
(Han and Zhao, 2018 and references therein). These ages have a wider
range than in the entire Junggar-Tianshan region, where the Phanero-
zoic granitoids are mostly between ca. 300-270 Ma in age (Han and
Zhao, 2018). The South Tianshan is a HP/UHP metamorphic belt that
represents the closure of the PAO in the late Palaeozoic (Han and Zhao,
2018 and references therein; Xiao et al., 2013). Ophiolites are also
abundant in the South Tianshan, with ages ranging mostly from 420 to
320 Ma (Han and Zhao, 2018 and references therein).

5.4.2. CAOB in northern China and southern Mongolia

The central parts of northern China and southern Mongolia are
widely covered by deserts or arid/semi-arid areas (Fig. 1) that are
capable of producing or storing silt for subsequent aeolian transport. The
underlying bedrock is divided here into three units: the Beishan, the
Northern Alxa, and the Southern Mongolia domain.

In the Chinese parts, the Beishan orogenic belt is located north of the
Dunhuang Block (TC), northwest of the Yinshan Block (NCC), and east of
the Tianshan, connecting Tianshan through the Northern Alxa region to
the Solonker suture in the east (Fig. 2). Beishan is mostly composed of
Neoproterozoic, Ordovician-Silurian, and late Permian-Triassic rocks
(Xiao et al., 2010). High-grade metamorphic rocks in Beishan show the
highest zircon U-Pb age peaks at 494 Ma, 464 Ma, and 375 Ma, and
minor peaks at 742 Ma, 701 Ma, and ca. 300 Ma (Song et al., 2013a).
Older Neoproterozoic rocks, with an age peak at 1040-910 Ma, have
also been reported (Liu et al., 2015a).

The Northern Alxa region to the east of the Beishan orogenic belt
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includes ophiolitic and tectonic belts related to the closure of the PAO (e.
g. Liu et al., 2017; Xiao et al., 2015; Zhao et al., 2020). The basement
rocks are dominated by late Palaeozoic to Mesozoic magmatic rocks,
with minor occurrences of early Palaeozoic magmatic rocks (e.g. Liu
et al.,, 2017; Zhao et al., 2020). This region is mostly covered by the
Badain Jaran Desert.

In the Mongolian part of the CAOB, one of the two presumably
Precambrian terranes of the Southern Mongolia domain is situated in the
southernmost tip of Mongolia, partly overlying the Northern Alxa Block
(Fig. 2). Based on zircon U-Pb ages of 952 Ma and 916 Ma (Wang et al.,
2001; Yarmolyuk et al., 2005) some authors suggest the existence of a
Neoproterozoic South Mongolia microcontinent. However, based on
microstructural analyses and zircon U-Pb ages, Taylor et al. (2013)
interpret the Precambrian zircon ages as sediment protolith ages, and
suggest that the southern part of Mongolia formed in a Devonian-
Carboniferous arc system followed by a Permian-Triassic collision
with northern China.

Most of the southern Mongolia domain is Phanerozoic (Badarch
et al., 2002). A broad but poorly defined trend of eastward decreasing
age of the rocks can be observed. According to Badarch et al. (2002) and
Kroner et al. (2010), the southwestern parts of Mongolia consist mainly
of Devonian to Permian rock units and minor Ordovician-Silurian rocks.
A minor Ordovician-Devonian ophiolite terrane is located in the
northwestern part of the southern Mongolia domain (Badarch et al.,
2002). In the northern part of the domain (central Mongolia; Fig. 2),
magmatic activity during the early Neoproterozoic (ca. 983-954 Ga)
and events at ca. 500 Ma have been recorded (Demoux et al., 2009). The
metamorphic and igneous rocks of the central parts of the southern
Mongolia domain consist mostly of Ordovician-Silurian metamorphic
rocks, Devonian-Permian plutonic and volcanic rocks, and Jurassic and
Cretaceous volcanic rocks (Badarch et al., 2002). In Eastern Mongolia,
Devonian-Permian plutonic and volcanic rocks are also common, as well
as Triassic-Jurassic plutonic rocks. A terrane of Cenozoic plateau basalt
is also present in eastern Mongolia (Badarch et al., 2002).

5.4.3. Eastern CAOB

The eastern segment of the CAOB, which is comprised of NE China
and adjacent areas, is located north and northeast of the CLP, and has the
potential to act as a source for the CLP dust via northerly/northeasterly
winds. The eastern CAOB is known as the Xing’an-Mongolia Orogenic
Belt. Numerous tectonic divisions of the area have been proposed, but
most studies identify at least four blocks or terranes from northwest to
southeast: the Erguna, Xing’an, Songliao-Xilinhot and Jiamusi-Khanka
Blocks (Fig. 2) (e.g. Eizenhofer and Zhao, 2018; Wu et al., 2011; Zhou
et al., 2018).

The >450 Ma aged basement rocks in the Xing’an-Mongolia
Orogenic Belt are mostly early Palaeozoic (540-460 Ma) (Zhou and
Wilde, 2013 and references therein; Zhou et al., 2018 and references
therein). Minor Neo- and Mesoproterozoic (1020-650 Ma), Palae-
oproterozoic (1980-1700), and Neoarchean (2760-2490 Ma) rocks are
also present (Zhou and Wilde, 2013 and references therein; Zhou et al.,
2018 and references therein). Most of the Xing’an-Mongolia Orogenic
Belt formed during Palaeozoic subduction and accretion events that led
to the closure of the PAO (e.g. Zhou and Wilde, 2013; Zhou et al., 2018).
One of the first closure events of PAO in the SE CAOB has been identified
from the so-called Southern Orogen (which roughly corresponds to the
‘Bainaimiao Arc’ in some studies), which is located between the Solo-
nker suture zone and the NCC (Fig. 2). The ages of detrital zircons from
Permian sedimentary rocks and of igneous zircons from the Southern
Orogen are mostly early Palaeozoic (ca. 450 Ma) (Eizenhofer et al.,
2014; Eizenhofer and Zhao, 2018 and references therein). The so-called
Northern Orogen (which roughly corresponds to the ‘Baolidao Arc’ in
some studies), which is located north of the Solonker suture zone, also
includes early Palaeozoic rocks mainly in its southern margin, although
late Palaeozoic rocks are more abundant (Eizenhofer and Zhao, 2018
and references therein). Early Palaeozoic rocks are found also from other
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parts of the Xing’an-Mongolia Orogenic Belt. Zhou and Wilde (2013)
and Zhou et al. (2011), for example, identify a late Pan-African (ca. 500
Ma) high-grade metamorphic belt from the eastern NE China, which
they named the ‘NE China Khondalite Belt’ (Fig. 2).

According to Wu et al. (2011), granitoids are widespread in NE China
and most of them crystallized during the late Palaeozoic, with zircon U-
Pb age peaks at ca. 320 Ma, 250 Ma, 190 Ma, and 130 Ma. The final
closure events of the PAO, and the termination of the CAOB, are
considered to have taken place along the Solonker suture zone
(Eizenhofer et al., 2014; Wu et al., 2011; Xiao et al., 2003, 2015). The
timing of the last closure events has been constrained to the period
between 239 and 222 Ma (Wang et al., 2017a). After that, the eastern
parts of NE China were affected by the subduction of the Palaeo-Pacific
plate which formed most of the Jurassic granitoids in NE China (Wu
et al., 2011).

5.5. Late Mesozoic rocks

Although most of the tectonic events that created the continental
crust of the research area had already occurred by the early Mesozoic,
some major tectonic events also took place in late Mesozoic time, like
those already mentioned in the e.g. Qinling and Dabie orogenic belts.
Most Jurassic-Cretaceous igneous rocks in northern China are concen-
trated in the eastern and southern parts (Dong et al., 2015; Stern et al.,
2018). The late Mesozoic (ca. 170-120 Ma) tectonothermal events in
East Asia are commonly called the ‘Yanshan Revolution‘ or the ‘Yanshan
Movement’ in Chinese literature (e.g. Dong et al., 2015). In the early
stage (ca. 170-135 Ma) of the Yanshan Revolution, the events include,
for example, collisional orogenies, accretions, intracontinental defor-
mation and regional metamorphic events, but in the later stage (ca.
135-120 Ma), crustal extension resulted in large-scale magmatism, rift
basins, metamorphic core complexes, and domal structures (Dong et al.,
2015 and references therein). There are major Jurassic-Cretaceous
orogenic belts located in the northeastern China and in Mongolia that
formed in the first stage of Yanshan Revolution. Many Jurassic and/or
Cretaceous orogens or accretionary complexes and igneous rocks are
located in the areas east-northeast of the CLP (Fig. 1 in Dong et al.,
2015).

5.6. Tibetan-Himalayan Orogen and the uplift history of the Northern
Tibetan Plateau

The still ongoing India-Asia collision has resulted in the largest
mountain chain on Earth. The timing of the start of the collision is
debated with estimates depending on the favoured collision model, and
ranging from ca. 65 (Ding et al., 2005) to 34 Ma (Aitchison et al., 2007),
or even to 14 Ma (Xiao et al., 2017), although most studies prefer 55-50
Ma (e.g. Dupont-Nivet et al., 2010; Li et al., 2015 and references therein;
Yuan et al., 2013; Zhu et al., 2005). The subsequent formation of the
Tibetan Plateau (TP) and the evolution of its uplift in space and in time
are important factors to consider, not only for understanding the
regional geology, but also when studying the provenance of the aeolian
sediments on the CLP. Multiple studies have reported that the uplift of
the TP affected climate, especially by increasing aridification of Asian
interior and by affecting Asian monsoon evolution (e.g. An et al., 2001;
Manabe and Broccoli, 1990; Ren et al., 2020; Ruddiman and Kutzbach,
1989).

The uplift history of the TP is complex and disputed, and different
models for the TP evolution have been suggested. For example, while
many have proposed a high plateau in central Tibet already in the
Eocene and an outward growth of TP towards its margins in north and
south (e.g. Li et al., 2015 and references therein; Wang et al., 2014c and
references therein), others suggest the high-elevation TP (in the literal
sense of the word “plateau”) only occurred during the late Palaecogene or
Neogene (Fang et al., 2020; Spicer et al., 2020; Su et al., 2019b; Wang
et al., 2017b). The youngest thrust belts are, however, situated at the
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margins of the Tibetan-Himalayan orogen (Li et al., 2015; Wang et al.,
2014c), although deformation in parts of the northern TP (which is the
target of this review) may have already started at the time of the India-
Asia collision at ca. 50 Ma (Yuan et al., 2013 and references therein). At
the northern margin, the thrust belts include e.g. the Main Pamir (<20
Ma), Mazatage (southern Tarim Basin) (<3 Ma), West Kunlun (ca. 23-0
Ma), and Northern Qilian Shan (8.3-3-0 Ma) thrust belts (Li et al., 2015
and references therein; Wang et al., 2014c and references therein).
Strong NW TP uplift is suggested to have occurred at 1) ca. 23-12 Ma, 2)
ca. 12-8 Ma, and 3) from 5 Ma onwards (Jiang and Li, 2014; Wang et al.,
2003), while Eocene-Pliocene uplift events or rapid exhumation in the
eastern and NE TP have been suggested to have occurred at least at ca. 1)
35-19 Ma, 2) 15-10 Ma, 3) 8 Ma, and 4) 3.6 Ma (Fang et al., 2007; Li
etal., 2014 Li et al., 2015 and references therein; Nie et al., 2019; Wang
etal., 2012; Wang et al., 2017b; Yuan et al., 2013 and references therein;
Zhang et al., 2014c; Zheng et al., 2010). The first stages of NW and
eastern TP uplift (Jiang and Li, 2014; Wang et al., 2003, 2012) at ca.
25-20 Ma roughly coincide with the onset of the aeolian sedimentation
on the western CLP (Guo et al., 2002b; Qiang et al., 2011), and the late
Neogene tectonic events correspond to the earlier listed (Section 2)
times of events in dust cycle changes at ca. 8-7 Ma and ca. 3.6-3.3 Ma.
However, the exact timing and nature of these uplift phases, as well as
their extent, remains debated. Indeed, it is widely disputed as to whether
the uplift of the TP was the main driver of the East Asian environmental
changes during Pliocene or whether global cooling was more significant
in changing the East Asian climate and dust cycles during this time
period (e.g. An et al., 2001; Ge et al., 2013b; Li et al., 2014; Liu et al.,
2015b; Lu et al., 2010, 2019; Nie et al., 2014a; Ren et al., 2020; Sun
et al., 2020; Zhang et al., 2019). Indeed, many authors have noted a
more convincing link between the timing of global cooling and aridifi-
cation events in Asia and changes in RC and loess deposition (Ding et al.,
2000; Lu et al., 2010). At present then, the role of Tibetan uplift in
driving changes in climate or loess accumulation in East Asia remains
unclear.

5.7. Summary

Section 5 discusses five major orogenic segments of the research
area: the NCC, the TC and Altyn Tagh, the CCO, and the CAOB. The CLP
lies mostly on the Ordos Block and TNCO in the Archean-Proterozoic
NCC (Fig. 2). The TC and Altyn Tagh also experienced major rock
forming events from the Neoarchean through Proterozoic, but these
rocks are not widely exposed on the surface in the region. The Altyn
Tagh subsequently experienced UHP metamorphism during the early
Palaeozoic. The southern margin of TC also experienced early Palae-
ozoic collision forming parts of the CCO, while the northern margin of
TC, on the other hand, collided with the southwestern part of CAOB in
the late Palaeozoic. The youngest igneous event of the TC was when the
Tarim LIP formed during the late Palaeozoic. While some of the
geological history of the CCO is complex and extends back to Archean,
most of the CCO formed during Neoproterozoic and early Palaeozoic.
The collisional history is, however, relatively widely spread through all
Palaeozoic, and in most terranes extends to early Mesozoic, and in the
eastern parts, also to middle-late Mesozoic. The parts of the CAOB dis-
cussed in this paper have some Precambrian remnants that are mostly
Neoproterozoic. However, the amalgamation of the numerous different
blocks of CAOB in this region mostly occurred during the Palaeozoic and
early Mesozoic. Especially the Southern Mongolia domain and the
southern margin of the CAOB are dominated by late Palaeozoic rocks,
marking the final closure events of the Palaeo-Asian Ocean. Subse-
quently, areas in NE China also experienced the late Mesozoic Yanshan
Revolution.
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6. Metamorphism in the primary source regions
6.1. North China Craton

In the NCC, the Archean basement rocks in both the Western and
Eastern Blocks have been metamorphosed in greenschist through gran-
ulite facies (Zhao et al., 2005 and references therein). The low-grade
metamorphic rocks include granites and greenstones, and the high-
grade rocks include tonalite-trondhjemite-granodiorite (TTG) gneiss
domes and granulites. The most striking feature in the NCC in terms of
metamorphic temperatures is the abundant UHT rocks (e.g Guo et al.,
2012; Jiao et al., 2011; Liu et al., 2012b; Santosh et al., 2007a) in the
Khondalite Belt (KB; part of the IMSZ) in the Western Block (Fig. 3). The
name of the KB refers to the graphite-bearing sillimanite garnet gneisses
(khondalites) that are abundant in the area. The khondalites are
accompanied with quartzo-feldspathic gneisses, garnet quartzites,
marbles, and calc-silicate rocks with minor amphibolite and mafic
granulites (e.g. Guo et al., 2012). While the KB formed under high-
pressure granulite facies metamorphism as a result of the collision of
the Yinshan and Ordos Blocks at ca. 1.95 Ga, the UHT metamorphism
has been dated to have occurred later, at 1.93-1.92 Ga (Santosh et al.,
2007a, 2007b). According to Jiao et al. (2011), the peak metamorphic
temperatures of metasedimentary granulites in the area ranged between
~850 to ~1000 °C, and even >1000 °C based on Zr-in-rutile ther-
mometry. Lower calculated temperatures (~650-850 °C) were assigned
for post-peak processes (e.g. diffusion, dissolution/reprecipitation) by
Jiao et al. (2011). The exposed parts of the eastern KB lie just north of
the YR and Mu Us Desert (and probably also in the basement of the
desert), and partly even underlay the northern parts of the CLP. This
proximity may make it a significant contributor of detrital material to
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the desert and to the CLP.

The Helan-Qianli Mts. that are located to the west of the CLP
(Figs. 11 and Al) belong to the khondalite series in the IMSZ/KB, but
show also minor garnet-sillimanite S-type granites in addition to the
khondalite series rocks (Zhao et al., 1999). Calculated metamorphic
temperatures indicate three different metamorphic stages in a clockwise
metamorphic P-T path: 600-650 °C, 750-800 °C, and 700-750 °C (Zhao
et al.,, 1999). Unlike in the nearby KB, no HT/UHT rocks have been re-
ported from the area.

The TNCO, which forms the basement of much of the eastern CLP,
formed at ca. 1.85 Ga during the amalgamation of the Eastern and
Western Blocks of the NCC (Zhao et al., 2005 and references therein).
The TNCO has high-grade metamorphic complexes in Taihua, Fuping,
Hengshan, Huai’an and Xuanhua, and low to intermediate grade
metamorphic complexes in Dengfeng, Zhongtiao, Zanhuang, Liiliang,
and Wutai (see locations in Fig. 11) (Zhao et al., 2000). The high-grade
metamorphic complexes in the TNCO are mainly TTG gneisses and
medium to high-pressure granulites. The Huai’an complex contains HP
granulites with peak metamorphic temperatures between 750 and
870 °C, based on multimineral geothermobarometers (Guo et al.,
2002a). Additionally, TNCO-aged rutile xenocrysts in Cenozoic carbo-
natite dykes near the Huai’an complex, ~50 km west of Nihewan
(Section 10), record peak temperatures of 743-932 °C based on Zr-in-
rutile geothermometry (corresponding to 859-4426 ppm Zr) (Wang
et al., 2020).

6.2. High- and ultrahigh-temperature rocks outside the Khondalite Belt
and Trans-North China Orogen

While granulites are common, and found in most orogenic belts, HT
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and UHT granulites outside the KB and TNCO in the research area are
relatively sporadic (Fig. 3). In the far west in the West Kunlun, HT-HP
granulites experienced peak metamorphic temperatures of 760-820 °C
based on conventional garnet and clinopyroxene Fe-Mg exchange geo-
thermometry (Qu et al., 2007). Higher temperatures are reported from
the distal northwestern primary source area in southern Chinese Altai,
where some middle Devonian (ca. 390 Ma) and Permian (ca. 280 Ma)
metapelitic HT-UHT granulites and gneisses have experienced peak
temperatures up to ~980 °C based on different geothermobarometers
(Liu et al., 2020a). Further south, localities with HT/UHT meta-
morphism from Southern and Central Tianshan have also been reported.
Ophiolites in the Southern Tianshan have peak temperatures of
840-950 °C based on different geothermobarometers (Zhang and Jin,
2016), and granulites in the same area have recorded similar peak
conditions (795-964 °C) (Wang et al., 1999). Low pressure (LP)-HT
granulites in eastern part of Central Tianshan have peak metamorphic
temperatures of 750-840 °C based on different geothermobarometers
(Mao et al., 2015).

To the southeast of Tianshan, in the Dunhuang Block of TC, Palae-
oproterozoic HP mafic granulites experienced peak temperatures be-
tween 760 and 858 °C depending on which geothermobarometer is used
(Zhang et al., 2012b). Together with Altyn Tagh, Qaidam, and Qilian
Block, this region surrounding the northern and eastern parts of Qaidam
Basin has generally been metamorphosed in relatively high tempera-
tures (Fig. 3). In the SE margin of TC, HT/UHT granulites have been
reported from a HP-UHP metamorphic belt in the southern Altyn Tagh,
where they record Early Palaeozoic subduction-collision events (e.g.
Dong et al., 2018a; Liu et al., 2012a; Zhang et al., 2014a). There, the Zr-
in-rutile peak metamorphic temperatures reached ~950 °C (~3000 ppm
Zr) at ca. 485 Ma and post-peak temperatures ~780 °C (~1000 ppm Zr)
at ca. 450 Ma (Zhang et al., 2014a). Nearby, early Cambrian UHT rocks
from the western Qaidam Block recorded Ti-in-zircon (Ferry and Wat-
son, 2007) peak temperatures between 914 and 1009 °C for felsic and
pelitic gneisses and ~ 910 °C for mafic granulite (Teng et al., 2020). In
the NQUHP, some very high-pressure garnet peridotites (with rutile
exsolutions in garnet) have also experienced UHT conditions with a
temperature range 960-1040 °C (Song et al., 2004).

In the eastern parts of CCO in the QOB, south of the CLP, Early
Palaeozoic HT/UHT metamorphism occurred, and based on conven-
tional geothermobarometry, peak temperatures of 880-920 °C have
been reported (Bader et al., 2013 and references therein). In a HT
metamorphic terrane in the Dabie Block, the metamorphism reached
temperatures up to 800-830 °C (Zhang et al., 1996). However, UHT
peak metamorphism at 927 °C based on Ti-in-zircon geothermometry
has also been reported from the same terrane, although the rutile in-
clusions in these zircons record temperatures of only 783-798 °C (Lei
et al., 2020). Nearby, southeast of the CLP in eastern NCC, in the
southwestern part of the Jiao-Liao-Ji Belt, Palaeoproterozoic HP-UHT
mafic granulites with Zr-in-rutile metamorphic peak temperatures of
~935 °C (up to ~950 °C) and post-peak temperatures of ~800 °C were
recently reported (Cai et al., 2020). Further northeast in the Jiao-Liao-Ji
Belt, HT granulites have been reported from pelitic granulites (up to
900 °C) in the middle regions of the belt (Tam et al., 2012), and from
mafic and pelitic granulites in northeastern parts (up to 890 °C) (Cai
et al., 2017).

6.3. Tarim Craton and Altyn Tagh

In addition to the HT rocks in Dunhuang, the Tiekelike and Kur-
uqtagh Blocks in TC also contain Palaeoproterozoic high-grade meta-
morphic rocks that are probably related to the assembly of the
Columbia/Nuna supercontinent (Wang et al., 2014a; Zhang et al,
2012a). Compared to the HT granulites in Dunhuang, the Proterozoic
metapelitic mica schists in Kuruqtagh experienced lower temperatures
of 690 °C (Ge et al., 2013a). Also the Neoproterozoic metamorphic rocks
in Kuruqtagh experienced upper amphibolite facies metamorphism at
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peak temperatures of 660-700 °C (Ge et al., 2016). The Precambrian
North Altyn Tagh consists also of amphibolite to granulite facies meta-
morphic rocks. Between the North Altyn Tagh and the previously dis-
cussed southern Altyn Tagh HP-UHP metamorphic belt, the
metamorphic conditions in the Altyn Tagh in terms of temperature have
been low (Dong et al., 2018a and references therein). Similarly, in the
northwestern TC, the Neoproterozoic Aksu blueschists formed in low
temperatures, at about 300-400 °C (Zhang et al., 1999). As discussed
earlier, the Meso- to Neoproterozoic low-grade metasedimentary and
volcanic strata are one of the prevailing rock types in TC.

6.4. Central China Orogen

In the western parts of the CCO, the West Kunlun is dominated by
igneous and supracrustal rocks, but the metamorphic complexes include
gneisses and migmatites in the north, and low- to medium-grade schists
and gneisses in the south (Gaetani et al., 1990; Yuan et al., 2002).
Further east, the EKO has various types of metamorphic, sedimentary,
and igneous rocks and has a rather complex tectonic history. The
western part of the EKO consists mainly of Early Palaeozoic low-grade
metamorphic rocks and marine sediments (e.g. Liu et al., 2005). The
eastern part of the EKO is dominated by amphibolite-facies meta-
morphism, except at some localities with greenschist-facies dominance
and some localities with granulite-facies relics in amphibolite-facies
rocks (Liu et al., 2005). For the amphibolite-facies rocks, metamorphic
temperatures between 535 and 770 °C have been reported, and for the
granulite relics, temperatures of 826-896 °C (Liu et al., 2005). The EKO
also includes a 500 km long HP/UHP metamorphic belt that experienced
peak metamorphic temperatures of 590-675 °C (Meng et al., 2013; Song
et al., 2018), marking the subduction-collision during the closure of the
Proto-Tethys Ocean (Song et al., 2018).

Apart from EKO, other areas surrounding the Qaidam Basin are
relatively high-grade metamorphic regions. The NQUHP consists mainly
of ortho- and paragneisses, amphibolites, mafic granulites, marbles, and
locally granite intrusions, eclogites, and garnet peridotites (Zhang et al.,
2008; Zhou et al., 2019). In addition to the previously mentioned UHT
rocks in the NQUHP, some eclogites have been granulitized with
metamorphic temperatures reaching up to 883 °C, followed by a retro-
grade amphibolite facies stage at temperatures <650 °C (Zhou et al.,
2019). The Qilian Block between the NQO and the NQUHP consists of
Precambrian basement with felsic gneiss, marble, amphibolite, and
minor granulite, and is overlain by Palaeozoic sedimentary sequences.
Contrary to the Qilian Block, the metamorphic rocks in the NQO are
mostly blueschists, eclogites, and greenschists. The NQO is a HP-low-
temperature zone, where the Early Palaeozoic peak metamorphic tem-
peratures of the HP rocks have been as low as 420-540 °C (Song et al.,
2007; Zhang et al., 2007).

In the eastern CCO, despite the previously discussed UHT rocks in the
QOB, most of the QOB has, however, been metamorphosed in amphib-
olite facies. The northern part of the QOB has recorded peak meta-
morphic temperatures of ~700 °C (You et al., 1993). Further east, the
Dabie Block can be subdivided into different units based on the grade of
metamorphism (Zhang et al., 1996). The northern part of the block
consists of low-grade metasedimentary rocks. Other parts consist mainly
of HP/UHP rocks, such as eclogites and blueschists, with coesite and
diamond localities. A minor HT belt is also identified, with upper
amphibolite to granulite facies rocks that show peak metamorphic
temperatures at ~680-750 °C for the amphibolite facies rocks and ~
750-830 °C for the granulite facies rocks (Zhang et al., 1996). The Sulu
Block, which is located to the east of the CLP, has a similar metamorphic
rock assemblage as the Dabie Block and is not further discussed here.

6.5. Central Asian Orogenic Belt

Despite the above-mentioned sporadic occurrence of HT/UHT rocks
in the Chinese Altai and South and Central Tianshan, the CAOB in
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western China is mostly a relatively low-temperature region in terms of
metamorphism. For example, the Chinese Altai consists mostly of
greenschist to amphibolite facies rocks (<780 °C; Liu et al., 2020a and
references therein; Jiang et al., 2010, 2015; Wei et al., 2007; Windley
et al., 2002), and the higher temperature granulites are mostly found
from the southern Chinese Altai, as discussed earlier. Also in the west,
the Yili Block contains both low- and high-grade rocks (Wang et al.,
2014b and references therein). Further south, low metamorphic tem-
peratures become more dominant. The exposed metamorphic rocks in
North Tianshan are mostly HP metamorphic rocks that formed in an
accretionary wedge (Han and Zhao, 2018) and the relatively abundant
Precambrian rocks in Central Tianshan comprise high-grade meta-
morphic suites, but the younger rocks are mainly lower grade greens-
chists (Han and Zhao, 2018). South Tianshan is generally a HP-low-
temperature metamorphic belt that consists mainly of HP blueschist-,
and eclogite-facies rocks and low-pressure and -temperature greenschist
facies rocks. The belt includes abundant HP-UHP metamorphic rocks,
but the peak metamorphic temperatures of even the HP rocks have
mostly been relatively low, up to 580 °C (Gao et al., 1999).

Along the southern margin of the CAOB, further east, the Beishan
orogenic belt includes high-grade metamorphic rocks and low-grade
metasedimentary rocks (Song et al., 2013a). By using a garnet-biotite
thermometer, Zong et al. (2017) calculated metamorphic temperatures
of ~600 °C, and by Ti-in-zircon thermometer, temperatures up to
840 °C. In the neighbouring block, the metamorphism of the northern
Alxa-southern Mongolia region mostly impacted the older basement
rocks that have been metamorphosed in greenschist to amphibolite
facies (Zhao et al., 2020). According to Zhao et al. (2020), most gran-
itoids in the northern Alxa region are, however, free from meta-
morphism. In the southernmost tip of Mongolia, the Neoproterozoic to
Palaeozoic terrane includes high-grade amphibolite facies metamorphic
rocks that are presumably older than lower-grade metamorphic rocks in
the area (Wang et al., 2001), but no detailed studies on the metamorphic
conditions have been published.

The metamorphic rocks in the southern Mongolian parts of the CAOB
are typically metasediments that were metamorphosed in greenschist
facies (Badarch et al., 2002). Higher grade rocks are mainly found from
areas in SE Mongolia, where gneisses, amphibolites, and other variably
metamorphosed rocks have been identified (Badarch et al., 2002). The
SE CAOB that recorded the last closure events of the PAO, formed in
multiple subduction and accretion events, which have locally led to the
formation of HP metamorphic rocks. The metamorphic assemblage of
the Solonker suture between the Northern and Southern Orogens in
Inner Mongolia consists mostly of greenschist- and amphibolite-facies
rocks, with some HP blueschist localities (Zhang et al., 2016b). The
highest temperatures, 760-790 °C (Zhang et al., 2018b), have been re-
ported from a single area in the Northern Orogen, but many rocks in the
Solonker suture zone also show formation temperatures lower than
500 °C (Zhang et al., 2016b). The most eastern segment of the CAOB in
NE China includes high-grade metamorphic rocks that form the “NE
China Khondalite Belt” (Zhou and Wilde, 2013; Zhou et al., 2011).

6.6. Summary

The most conspicuous region in the research area in terms of meta-
morphic temperatures is the UHT KB (in IMSZ/NCCQC), that lies just north
of, and partly underlies, the CLP. UHT rocks are not widespread in any
other area, although they occur sporadically in other regions (Fig. 3).
Also, the TNCO in the NCC is mostly a high-grade metamorphic terrane
with some UHT localities. The Archean to Proterozoic blocks of the NCC
are generally metamorphosed in different conditions from greenschist to
granulite facies.

In the west, the TC consists mostly of relatively low-grade meta-
morphic rocks, with temperatures <700 °C, whereas the adjacent Altyn
Tagh region was affected by amphibolite to granulite facies meta-
morphism, locally reaching UHT temperatures up to ~950 °C. Further to
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the southeast, the CCO shows variability in metamorphic conditions
between terranes. The West Kunlun, although not rich in metamorphic
rocks, comprises both lower- and higher-grade rocks, with some HT
localities. The EKO also consists of various grades of metamorphic rocks,
but the greenschist to amphibolite facies rocks dominate, with temper-
atures mostly <770 °C. The Qaidam Block is a dominantly high-grade
metamorphic terrane with amphibolites and granulites, and especially
in the NQUHP, the peak temperatures reached HT and UHT conditions.
The Qilian Block is similar to the Qaidam Block with mostly amphibolite
facies rocks, but the NQO is a strikingly different HP-low-temperature
terrane with temperatures <540 °C. In the southern/southeastern re-
gions of the CLP, the QOB mostly consists of rocks with peak tempera-
tures of ~700 °C. The Dabie-Sulu regions have abundant HP/UHP rocks,
but metamorphic temperatures have been moderate, apart from some
HT/UHT localities.

The parts of the CAOB discussed in this paper have generally expe-
rienced low- to medium-grade metamorphism from greenschist to
amphibolite facies. An exception is in the NE China Khondalite belt,
from where HT rocks with temperatures <850 °C have been reported.
On the contrary, an especially low-temperature zone is located in the
southwest in the South Tianshan, where HP rocks have temperatures
<580 °C. Together with the relatively low-grade metamorphic condi-
tions of the TC, these distal western primary dust source regions to the
CLP sediments form a region of relatively low metamorphic tempera-
tures, which continues to the more proximal western source terrane of
the NQO.

7. Detrital zircon U-Pb data from potential source regions

In the past decade or so, detrital zircon U-Pb dating has become the
most prominent single-grain provenance method, with a rapid increase
in amounts of data for CLP and potential source sediments, especially for
the late Quaternary loess (e.g. Bird et al., 2015; Fenn et al., 2018; Licht
et al., 2016: Nie et al., 2015, 2018; Pullen et al., 2011; Rittner et al.,
2016; Stevens et al., 2010, 2013; Zhang et al., 2016a, 2018a; Zhang
et al., 2021a). This has allowed a more precise and accurate interpre-
tation of the sources for the sediments. However, as the data are
collected and filtered in many different ways, their comparison may be
challenging. There are differences not only in the analytical methods,
but also in the decisions related to which ages are used, discordance
acceptance criteria, and how the data are plotted and the results
compared.

In order to compile an internally consistent data set of the original
published ages from the previous studies, these data are grouped and
standardised as far as possible here. Firstly, a discordance filter of 10%
has been applied to the age data, while a threshold of 1.0 Ga separates
the U-Pb age used; 2°°Pb/238U ages <1.0 Ga and 2°’Pb,/2°°Pb ages >1.0
Ga. The detrital age data are plotted as KDEs with a bandwidth of 15 Myr
using the R package “provenance” (Vermeesch et al., 2016).

The detrital zircon age distributions of potential source regions in the
range of 600-0 Ma are presented in Fig. 4. Most of these secondary
(sedimentary) source areas show two major peaks in the zircon age
probability diagrams: an early Palaeozoic (ca. 500-400 Ma) and a late
Palaeozoic-early Mesozoic (ca. 300-200 Ma) peak, which reflect the
geologic history of the primary source areas (Fig. 4). Smaller peaks can
be seen at age ranges 1000-500 Ma, 2000-1500 Ma, and at ca. 2500 Ma
(Fig. 5). The CLP lies mostly on the NCC (Fig. 2), and it is therefore likely
that the majority of the Palaeoproterozoic and Archean detrital zircons
in the CLP sediments derive from the NCC, where these old rocks are
dominant and widely exposed.

Most western sources and sources in the CCO show a higher 500-400
Ma age component, while most of the CAOB, central deserts (Kumtag,
Badain Jaran and Tengger deserts), and NCC sources show a higher
300-200 Ma age component. However, there are exceptions: Junggar in
the CAOB, the Qinling Mts. in the CCO, and western Mu Us in the NCC.
The underlying basement in the Junggar Basin is relatively unknown,
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and the surrounding regions have also been active in the early Palae-
ozoic time (Section 5.4.1), which may explain the high amount of
500-400 Ma zircon ages in the basin. The detrital zircon ages from the
Qinling Mts. are low in number and the relative heights of the peaks are
unreliable. The Qinling Mts. age peaks roughly correspond to the
orogenic events of the QOB at ca. 150 Ma, ca. 200 Ma, ca. 450 Ma, and
ca. 1000-700 Ma, although the youngest ages are not clearly presented
in the age distribution (Figs. 4 and 5). The proportion of the early
Palaeozoic ages in the zircon age distribution here may also be under-
estimated because of the low number of zircons (Diwu et al., 2012). In
terms of the western Mu Us, Stevens et al. (2013) showed that the YR
brings sediments from the Northern TP to this part of the desert, which
explains the distinct age-distribution curves between the eastern and
western Mu Us. The eastern Mu Us sample reflects sources from the
underlying Cretaceous sandstone and NCC, while the western Mu Us
sample reflects sources from the Northern TP, despite its location on the
NCC.

In addition to the Qinling Mts., the zircon age distribution of the SGC
is more diverse than those of the other CCO sources, which likely reflects
the multiple source areas of the Triassic sediments in the SGC (Section
5.3). As mentioned earlier, the SGC is included in this review, because it
may have provided sediments to the CLP through YR transport, although
it is not clear whether the YR existed in the Neogene. Additionally, there
are no indicators of southwesterly palaecowinds that would be required
to transport this material to the CLP in the absence of long-distance river
transport, and the abundance of ca. 780 Ma and ca. 1850 Ma zircons in
the complex (Fig. 5) should also be reflected in the RC zircon age dis-
tributions, which is not the case (Nie et al., 2018). The upper YR and
western Mu Us, however, do show a small peak of Neoproterozoic ages
(Fig. 5), which may derive from the SGC. The multiple steps of transport
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would explain the relatively low amount of Neoproterozoic ages in the
RCs even if the Neoproterozoic zircons are initially sourced from the
SGC.

Another notable feature of the Neoproterozoic ages in the CCO is
from Qaidam Basin, where the age distribution is strongly dominated by
the early Paleozoic age peak (Fig. 5), consistent with the CCO evolution.
However, Neoproterozoic ages are relatively few, despite the fact that
the Qaidam, EKO, Qilian, and Altyn Tagh terranes that underlie or
surround the Qaidam Basin were all tectonically active during this Era.
The reasons for his are unclear. One explanation could be that the
Neoproterozoic tectonic events in the CCO were not as widespread as the
later events (Section 5.3).

The age distribution from Tarim Basin (Taklamakan Desert) is sur-
prising in its relatively low number of Precambrian zircons (Fig. 5).
Other perhaps unexpected peaks are the ca. 210 Ma, ca. 100 Ma, and
younger age peaks (Figs. 4 and 5), since no Mesozoic nor Cenozoic
tectonothermal events have been reported from Tarim (Stern et al.,
2018; Zhang et al., 2013). It is likely that these zircons are related to the
Mesozoic and Cenozoic magmatic events of the Pamir (Chapman et al.,
2018; Rittner et al., 2016), which is supported by the Pamir age distri-
bution (Figs. 4 and 5). Some of the younger zircons may have also
formed in metamorphic events linked to the Tibetan-Himalayan orogen.
The early and late Palaeozoic peaks have similar heights, which reflects
the early Palaeozoic collisional events to the south of the craton (Kun-
lun-Altyn Tagh-Qaidam), and the late Palaeozoic events to the north of
the craton (Tianshan/CAOB). The late Palaeozoic peak may also include
zircons formed in the Tarim LIP.

A similar, perhaps unexpected, scarcity of Precambrian zircons is
also seen in the Altyn Tagh age distribution (Fig. 5), and the abundance
of <400 Ma ages is also inconsistent with what we know about the
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Fig. 5. KDEs of the secondary (sedimentary)
source region detrital zircon U-Pb ages. The grey
bars indicate the age ranges 300-200 and
500-400 Ma. The Tarim Basin and Altyn Tagh
have unexpectedly low amounts of Precambrian
zircons when compared to the primary rocks in
these areas (Section 5.2), and the Altyn Tagh also
has unexpectedly abundant <400 Ma ages. The
ca. <210 Ma zircons of Tarim are likely sourced
from the Pamir Mts. Most areas in the CCO are
consistent with the primary rocks (Section 5.3),
and the anomalous Qinling Mts. age peaks
roughly correspond to the orogenic events of the
QOB at ca. 150 Ma, ca. 200 Ma, ca. 450 Ma, and
ca. 1000-700 Ma. The age distributions of the
CAOB secondary sources are also mostly consis-
tent with the CAOB primary source rocks (Sec-
tion 5.4), although Junggar Basin data may also
show features of the relatively poorly understood
basement rocks. The central deserts show affinity
to the CAOB sources, with the exception of the
Kumtag, that may also receive more material
from the CCO and/or Tarim. Most of the NCC
samples have abundant Precambrian ages,
consistent with the primary rocks (Section 5.1).
The W Mu Us reflects material transported from
the northern TP via the YR, while the E Mu Us
reflects sources from the underlying Cretaceous
sandstone (Stevens et al., 2013). The W NCC
samples are from southern CLP river sediments
and the abundant 500-400 Ma zircon ages may
derive from the collisional events between the
North QOB and the NCC (Diwu et al., 2012). The
Liupan Mts. sample is from Cretaceous strata and
possibly reflects the tectonic events of QOB,
similarly to the sample from the Qinling Mts. The
E NCC and NE deserts have abundant <200 Ma
ages that are likely linked to the late Mesozoic
Yanshan Revolution. Locations of the samples
are indicated in Supplementary Fig. Al. Data
sources are listed in Appendix A.
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primary rocks in the Altyn Tagh region (Section 5.2). It is unclear where
those zircons derive from. The zircon age distribution of the nearby
Kumtag Desert, which is located on the TC (Dunhuang Block), between
the CAOB and CCO, has relatively high peaks of both 300-200 and
500-400 Ma ages, which may reflect material from both north and south
of the desert.

The Badain Jaran Desert lies mostly on the Yinshan (Alxa) Block/
western NCC, southeast of the Beishan Mts., north of the Qilian Mts., and
northwest of Tengger Desert (Fig. 1). The age distributions of the Badain
Jaran and Tengger Deserts are quite similar and show affinity to CAOB
sources despite their location on the western NCC. The western NCC
samples that were sampled from modern river sediments of the Jing and
Luo Rivers in the southern CLP (Diwu et al., 2012), show abundant early
Palaeozoic zircons, which Diwu et al. (2012) designate to the collisional
events between the North QOB and the NCC. The Liupan Mts. sample is
from Cretaceous strata (Nie et al., 2014a) and possibly also reflects
events related to the QOB (Fig. 5). Eastern NCC samples are consistent
with the old craton that reactivated before and during the late Mesozoic
Yanshan Revolution.

The sources in CAOB seem to be consistent with the tectonic evolu-
tion of the area. The Tianshan Mts., the Gobi Altay Mts. piedmont,
Central South Mongolia, and NE China deserts all have higher 300-200
Ma age components, and the 500-400 Ma age component is, as ex-
pected, relatively low in the latter three, although the number of zircon
ages in the Central South Mongolia sample is too low for reliable com-
parison of relative peak heights. The Mesozoic Yanshan Revolution is
recorded in the NE deserts by the 200-100 Ma zircon ages but the
500-400 Ma age component is lower than would be expected since early
Palaeozoic activity is recorded also from this region (Fig. 4, Section
5.4.3). There is also variation in the exact locations of the <500 Ma age
peaks in the CAOB samples, which may reflect the complex history of the
CAOB with many collisional events of numerous different micro-
continents and other tectonic blocks (Section 5.4).

8. Previously published rutile data from the potential source
regions

There are five studies that have analysed detrital rutiles in the

research area of this paper: Liu et al. (2014a), Liu et al. (2014b), Zhao
and Liu (2019), Liu et al. (2020b), and Zhao et al. (2021). Other studies

Table 2
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have used Zr-in-rutile thermometry in non-detrital metamorphic rocks.
All previously published Zr contents in rutiles of the area are listed in
Table 2. Fig. 3 shows the locations of these studies.

A closer look at the study of by Liu et al. (2014a) from the northern
NCC can be used as an example of a sedimentary provenance analysis
with detrital rutiles, although they primarily used zircon data. The
detrital rutiles from two different Precambrian formations in the studied
Huade Group in northern NCC showed distinct features in terms of Cr-
Nb systematics. The older formation showed only metapelitic rutiles,
while the younger formation had a mixed population of metamafic and
metapelitic rutiles. Also, the Zr-in-rutile temperatures were slightly
higher for the younger formation, and two UHT rutiles suggested that
the KB could be one source area for the sediments, according to Liu et al.
(2014a).

Another study close to the CLP (Fig. 11 in Section 10) is by Shi et al.
(2012), who used Zr-in-rutile thermometry in the Daixian rutile ore
deposit located close to the KB in the TNCO (Figs. 3 and 11). Their study
reports ca. 1.78 Ga amphibolite facies metamorphism and rutile crys-
tallization temperatures mostly up to ~650 °C. All their rutiles indicate
a metamafic protolith according to the Cr-Nb systematics. Additionally,
detrital rutiles from Carboniferous bauxite ores in northern and southern
TNCO yield distinct Zr-in-rutile metamorphic temperature signals (Zhao
and Liu, 2019; Liu et al., 2020b; Zhao et al., 2021); the northern part
having more abundant (66%) granulite facies rutiles than the southern
part (13%) (Zhao et al., 2021). The northern TNCO detrital rutiles
appear to be sourced from the adjacent Wutai and Fuping complexes,
and from the northern margin of the NCC, while the rutiles in the
southern TNCO bauxites were mostly derived from adjacent meta-
morphic complexes (e.g. Zhongtiao) and from North QOB (Zhao et al.,
2021).

9. Neogene Red Clay provenance
9.1. Published Red Clay zircon U-Pb data

A number of single-grain (zircon U-Pb) provenance studies have
hitherto been conducted on the RC deposits. Similarly to the source
region sediments, most RC units show two significant zircon age pop-
ulations: 300-200 Ma and 500-400 Ma, and occasionally smaller peaks
in the age ranges of 1000-500 Ma, 2000-1500 Ma, and at ca. 2500 Ma

Previously published metamorphic temperatures from the potential source regions calculated by using Zr-in-rutile geothermometry. Studies on detrital rutiles are in
italics. Thermometers: 1: Zack et al. (2004a); 2a: Tomkins et al. (2007) in a-quartz field; 2b: Tomkins et al. (2007) in f-quartz field; 2¢: Tomkins et al. (2007) in coesite

field 3: Ferry and Watson (2007); 4: Watson et al. (2006).

Area Rock type Peak T [°C] Thermometer Zr [ppm] Rock lithology (Cr-Nb) Reference

CAOB: W Tianshan eclogite ~638" 1 150-160" mafic Su et al. (2018)
CAOB: W Tianshan vein in eclogite 540-580 2¢ 38-66 mafic Lii et al. (2012)
CAOB: W Tianshan eclogite and vein 530-570 2a, 2¢ 22-66 mafic Chen et al. (2013)
CAOB: W Tianshan eclogite 368-528 1 19-68 mafic Tan et al. (2019)
CAOB: W Tianshan eclogite 496-524 2c 11-17 mafic Zhang et al. (2010)
S Altyn Tagh HP granulite 780-950 2a-b 727-4099 mafic & pelitic Zhang et al. (2014a)
CCO: N Qaidam eclogite & vein in eclogite 609-682 2b—c 62-181 mafic Chen et al. (2020)
CCO: N Qaidam eclogite 615-765 2c 60-417 mafic Zhang et al. (2010)
CCO: N Qilian eclogite 555-608 2a 31-71 mafic Zhang et al. (2010)
CCO: Dabie rutile inclusions in UHT metamorphic zircons 783-798 2b 1251-1451 - Lei et al. (2020)
CCO: Dabie UHP metasediments and river sands 566-752 2c 32-371 mafic & pelitic Liu et al. (2014b)
N NCC metasediments ~630-770" 4 291-17,995 mafic & pelitic Liu et al. (2014a)
N NCC: KB UHT granulites 650-1000 3 500-8000 pelitic Jiao et al. (2011)
N NCC: TNCO rutile xenocrysts in carbonatite dykes 743-932 2a 859-4426 pelitic Wang et al. (2020)
N NCC: TNCO gneisses and quartzite in a rutile ore deposit 595-682 2b 170-526 mafic Shi et al. (2012)

N NCC: TNCO bauxite ore 470-955 4 22-5244 mafic & pelitic Zhao et al. (2021)
S NCC: TNCO bauxite ore 408-903 4 6-3617 mafic & pelitic Zhao et al. (2021)
S NCC: TNCO bauxite ore 448-845 4 2-2310 mafic & pelitic Liu et al. (2020b)
S NCC: TNCO bauxite ore 527-942 4 53-4824 mafic & pelitic Zhao and Liu (2019)
E NCC: Jiao-Liao-Ji Belt mafic granulites 778-948 2a 1021-4209 mafic Cai et al. (2020)

# Only the highest reported temperature/Zr concentration is listed.

b Outliers in data are excluded.
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Fig. 6. KDEs of the published Red Clay zircon U-Pb ages. The grey bars indicate the age ranges 300-200 and 500-400 Ma. Data are from: Shang et al. (2016;
Dongwan, Baode, Lantian), Gong et al. (2017; Lingtai), Nie et al. (2018; Chaona), Pan et al. (2018; Shilou), Zhang et al. (2018a; Lantian), and Liu et al. (2019; Xifeng,
Luochuan). The data set from Chaona, central CLP, is the only data set with high-N zircon ages. There, the proportion of 300-200 Ma and 2750-1500 Ma ages
compared to the 500-400 Ma ages is relatively lower in the 8.1 Ma and 5.8-4.4 Ma units than in the 7.7-6.2 Ma and 3.8-2.9 Ma units (Nie et al., 2018). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Fig. 6). Below, each site is first examined through time, and following
this the differences between sites are compared.

The RC accumulation in the northernmost RC site Baode began at
least 7.23 Myr ago (Zhu et al., 2008). The zircon U-Pb data from
7.16-3.5 Ma units show that the 300-200 Ma age component is gener-
ally higher than the 500-400 Ma age component, but the low number of
zircon ages reported by Shang et al. (2016) limits the ability to reliably
interpret possible temporal variation in the Baode RC provenance. The
5.24 Ma Jingle Formation sample has the highest amount of zircon data,
and the highest peak at 300-200 Ma (Fig. 6). The prevailing 300-200 Ma
age peaks indicate that the dominant sources of dust in Baode were the
CAOB areas and the Mu Us Cretaceous sandstone/eastern Mu Us to the
north and northwest of the CLP, but the presence of the 500-400 Ma
ages indicates that material deriving from the Northern TP, YR, and
possibly from Tarim is also present at the site (Shang et al., 2016). The
larger grain size of the Baode RC, however, implies a more proximal
dominant source of dust when compared to the RCs in the southern sites
at Lantian and Dongwan (Shang et al., 2016).

Similarly to Baode, the 11-2.6 Ma [Xu et al., 2009; debate also exists
over whether the basal age of the Shilou RC is 11 Ma (Xu et al., 2009),
8.2 Ma (Ao et al., 2016) or 5.2 Ma (Anwar et al., 2015)] Shilou RC in the
eastern CLP, west of the Liiliang Mts. (Figs. 11 and A1), shows prevailing
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300-200 Ma, 2000-1500 Ma, and ca. 2500 Ma ages (Fig. 6). According
to Pan et al. (2018), the data do not show significant input from distal
western sources, such as Taklamakan Desert or the Qaidam Basin, but
they claim that the older units (10.2 and 6.4 Ma) in Shilou show similar
zircon U-Pb age spectra to the Junggar Basin, Gobi Alxa arid lands (Gobi
Altai Mts. piedmont in Fig. 5), and to the western Mu Us. The latter
seems plausible, because the presence of the ca. 1.8 Ga and 2.5 Ga age
peaks, especially in the oldest unit, would suggest a more proximal
source from the NCC (Section 5.1). However, the western Mu Us (and to
some degree the Gobi Alxa arid lands) has a strong 500-400 Ma age
component, which is very weak in the oldest Shilou sample (Figs. 5 and
6), although this western Mu Us peak represents input from the YR,
which may not have existed in the Miocene. The low number of zircon
age data from Shilou may also lead to underrepresentation of some age
peaks. Pan et al. (2018) also report that the grain size of the RC increased
after 5.7 Ma and, based on zircon data, the source areas changed to more
proximal regions: the eastern Mu Us Desert, the middle reaches of the
YR, and the Liiliang Mts, which they propose to have rapidly uplifted at
ca. 5.7 Ma.

In the central CLP, a limited amount of zircon U-Pb data has been
published from the Luochuan and Xifeng RC deposits. Liu et al. (2019)
reported zircon ages from a 2.7 Ma unit in Luochuan and from 3.8 Ma



K. Bohm et al.

and 6.2 Ma units in Xifeng. Their results show that both the 500-400 Ma
and the 300-200 Ma age peaks are present in all these RC units, and that
the former age peak may be higher, although the low number of zircon
ages hampers the inferences made from the relative heights of the peaks.
Slight differences in the Xifeng samples can be seen in the lower pro-
portion of ca. 350 Ma grains, and the higher proportion of ca. 500 Ma
ages in the younger unit. Combined with heavy mineral analysis and a
closer look at U-Pb dated euhedral zircons, Liu et al. (2019) suggest a
wide geographical source area for the RCs, which includes the YR, the
Qilian Mts., the Mu Us, Tengger and Badain Jaran Deserts, and possibly
the Tianshan-Altai-Gobi igneous rocks.

The Chaona RC in the central CLP has by far the most published
zircon data and the only RC data set with consistent high-N zircon age
data for the same site, allowing a reliable comparison of the relative
heights of the age peaks. The RC has a basal age of ca. 8.1 Ma (Song
et al., 2000). The proportion of 300-200 Ma and 2750-1500 Ma ages
compared to the 500-400 Ma ages is relatively lower in the 8.1 Ma and
5.8-4.4 Ma units than in the 7.7-6.2 Ma and 3.8-2.9 Ma units (Fig. 6;
Nie et al., 2018). According to Nie et al. (2014a) the lowermost unit
shows a mixed source from the nearby Liupan Mts. that was rapidly
exhumed at ca. 8 Ma, and from Qaidam Basin, based mostly on the high
450-400 Ma age peak. Later, Nie et al. (2018) argued that the distant
Taklamakan Desert and other distant central Asian areas are unlikely to
be the main sources of RC of any age. Instead, they suggest a mix of two
main sources for the dust: Qaidam Basin/Gobi (Qilian Mts.) and the
middle reaches of YR/eastern Mu Us Desert. Increased input from the
latter is indicated by the time intervals of higher relative 300-200 Ma
and 2750-1500 Ma age proportions, which also correspond with higher
dust accumulation rates in the CLP and North Pacific Ocean and with
periods of intensified monsoon precipitation (Nie et al., 2018).

The Lingtai RC site is located close to Chaona and Xifeng (Fig. 1) and
dates back to ca. 7.0 Ma (Ding et al., 1998b). The zircon U-Pb age data
show significant variability between the 7-3 Ma units (Fig. 6). The
lowermost Lingtai units (7.0 and 6.0 Ma) and the youngest (3.0 Ma) unit
show high 300-200 Ma age peaks, indicating a strong input from
northern source regions (Gong et al., 2017). Even older age peaks of
900-600 Ma, 2000-1500 Ma, and ca. 2500 Ma are present in the 6 Ma
unit, which may indicate zircons derived from the nearby Liupan Mts.
and NCC (Fig. 5). The 5.5 Ma Lingtai RC unit shows similar results to the
roughly coeval samples from Chaona, with a high 500-400 Ma age peak,
suggesting dominant western sources. For the older units, Gong et al.
(2017) argue that the strong signal from the northern sources may have
been caused by decreased dust availability in the western source regions
as a result of high humidity before ca. 5.5 Ma. Both Nie et al. (2014a)
and Gong et al. (2017) note that the Tarim Basin became more arid at ca.
5.3 Ma according to Sun and Liu (2006) and Liu et al. (2014c), which
would have increased the dust availability there and subsequently
resulted in increasing dust transport to the CLP. Surprisingly, the
dominant 300-200 Ma age peak in the 3.0 Ma unit at Lingtai differs from
the coeval Chaona unit, which has a higher 500-400 Ma age peak. Gong
et al. (2017) do not discuss the possible reasons for this, but point out
that the relatively low number of the analysed zircon ages may be a
factor.

Compared to most of the other sites, a significant amount of variation
is seen in the zircon age spectra of the southernmost RC site in Lantian.
The oldest RC samples in Lantian have a depositional age of ca. 7.2 Ma
(An et al., 2000). Many units show a dominant peak at ca. 160-130 Ma
(Fig. 6), which is either absent or not as strongly present in the other
sites. All the units also have a high peak in the age range of ca. 550-350
Ma. The 4.99 Ma and the 4.2 Ma units, which were reported by Shang
et al. (2016), show this peak at the slightly older side of the age range
(Fig. 6), which may be caused by the low number of zircon ages in each
of these units. A minor peak in the age range of 350-200 Ma is observed
in almost all samples, except the oldest RC unit. According to Zhang
et al. (2018a), the ca. 160-130 Ma and ca. 550-350 Ma peaks corre-
spond to sources from the North QOB., although the latter peak can also
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be explained by western sources. Furthermore, Zhang et al. (2018a)
designate the ca. 350-250 Ma ages to the arid regions between the Gobi
Altay Mts. and northeastern TP (Tengger and Badain Jaran Deserts, CS
Mongolia, and Gobi Altay Mts. piedmont in Fig. 5), and the 250-200 Ma
ages to the NE TP itself. Zhang et al. (2018a) also suggest that there was
an expansion of the source regions after 7.2 Ma, based on the zircon age
distributions.

The westernmost RC site in Dongwan has a dominant western source
signal at 5.47-5.26 Ma, with abundant 500-400 Ma detrital zircon ages
(Shang et al., 2016). The low number of reported zircon ages limits the
interpretation between different units in Dongwan, but the smaller grain
size of the Dongwan RC compared to Lantian seems to imply distant
sources, possibly the recently formed arid Taklamakan Desert (Shang
et al., 2016).

More general observations on the spatiotemporal RC provenance
variations can be made when the zircon age data are grouped by site
(Fig. 7) and by depositional age (Fig. 8). It is important to note that the
interpretations from the grouped RC data will be dominantly influenced
by sites that are represented by the most zircons. In this sense, and given
the spatial variability of zircon ages in the RC, the grouped data should
not be viewed as representative of the average distribution of the RC as a
whole. In particular, Chaona (n = 5642) and Lantian (n = 1297) together
make up around three quarters of the data, and Chaona alone, more than
half. As such, these RC data are heavily biased to these sites, which in
turn may make it harder to define overall differences between the loess
and RC. The same is also the case of the loess data (Figs. 8 and 9), which
are also dominated by large data sets from a few sites.

The spatial distribution of grouped RC zircon ages (Fig. 7) shows that
the northern/northeastern CLP RC sites (Baode and Shilou) have a
distinct source signature from the southern/southwestern sites (Luo-
chuan, Xifeng, Chaona, Lingtai, Dongwan, and Lantian). The southern-
most site, Lantian, is strikingly different from the other sites with the
very low 300-200 Ma peak, and a strong peak at 160-130 Ma, which is
explained by the QOB source from the south. Shilou on the other hand
has a very low 500-400 Ma age peak compared with the other sites. The
northernmost sites, Baode and Shilou, are the only sites where the
300-200 Ma peak is higher than the 500-400 Ma peak. In addition to
receiving material from the northern/northwestern sources, one po-
tential explanation for this is that for Baode, the Mu Us Desert would act
as a western source, while for the other sites, it lies to the north, and
would be a northern, northwestern (Shilou) or even a northeastern
(Dongwan) source. As such, the dominant winds at Baode may have also
been westerly rather than northerly, as with other sites, and the abun-
dance of 300-200 Ma ages could be explained by input from the eastern
Mu Us, where those ages are prevalent (Fig. 5). As discussed by Shang
et al. (2016), this is supported by the silt-dominated grain size of the
Baode and Jingle RC. Baode RC also has a significant 500-400 Ma age
peak, which indicates that western distal sources, or the western Mu Us,
may also have contributed material to this site. However, it is unclear
whether the Mu Us Desert had formed already in the Neogene. In the
absence of a desert, river systems would have been able to provide dust
to the CLP.

The Lingtai and Lantian RC have a younger age peak (at ca. 400 Ma)
than the other southern sites in the 500-400 Ma age range (Fig. 7). In
Lingtai, this was explained by sources from the Liupan Mts., while in
Lantian, it can be explained by sources from the North QOB. The older
early Palaeozoic peak at ca. 450 Ma in the other southern RC sites
corresponds better to the western sources from CCO and/or Tarim Basin
(Fig. 5).

The Neoproterozoic ages of ca. 1000-800 Ma are most abundant in
the Baode, Chaona, and Dongwan sites, although all RC sites have some
zircons of this age range. These zircons may initially be sourced from the
SGC via the YR as discussed in Section 7, or from Liupan and Qinling
Mts. for Chaona and Dongwan. In Baode, northwestern sources from
CAOB, e.g., the Tianshan and the CAOB terranes in Mongolia, could also
explain these zircon ages (Table 1). Both the Tianshan and CS Mongolia
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all of which can be caused by dominant sources from the North QOB (Zhang et al., 2018a). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

have low Neoproterozoic age peaks in their detrital zircon age spectra
(Fig. 5), and in CS Mongolia these ages may be underestimated because
of the low number of analyses. In general, there are very few detrital
zircon studies from the southern Mongolian drylands, which hampers
the understanding of this region as a potential source area for the CLP
sediments.

When the grouped data set from the Neogene RC is compared with
the Quaternary loess (Fig. 9), there seems to be only slight differences in
the source signal based on the zircon age distributions. The main dif-
ferences are that the loess has higher components of grains <100 Ma, as
well as broader ca. 300-200 Ma and 500-300 Ma age peaks than the RC.
Potentially the 500-300 age peak is slightly younger in the loess than in
the RC, and the Archean-Proterozoic age peaks are slightly larger in the
RC. This similarity of the zircon ages between the RC and loess supports
previous studies (e.g. Bird et al., 2020; Chen and Li, 2013; Nie et al.,
2013) that indicate no significant change in dust provenance across the
Neogene-Quaternary boundary.

A closer look at the temporal variation across the RC sites is shown in
Fig. 8. Note that the oldest, 10.2 Ma RC is a single sample from Shilou,
and the second oldest group of samples (8.1-7.7 Ma) are samples only
from Chaona. Ignoring the 10.2 Ma Shilou sample, the 500-400 Ma age
peak remains quite constant throughout the RC deposition, suggesting
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that input from western sources has been present since at least 8.1 Ma
(Fig. 8). The ages at ca. 400-350 Ma increase in the youngest (3.5-2.7
Ma) RC deposits and resemble the Quaternary loess, although the in-
crease in those ages is mostly due to the samples from Lingtai and
Lantian. The most prominent changes are seen in the 300-200 Ma and
the <200 Ma age peaks (Fig. 8), of which the latter are shown only from
Lantian, Dongwan, and Xifeng sites. During 8.1-6.6 Ma, the 300-200 Ma
age peaks are lower in height than in the subsequent time period of
6.56-6.19 Ma. During 6-5.47 Ma the peak again becomes lower in
height, after which, the relative amount of the 300-200 Ma ages starts to
increase towards the Quaternary, which could be interpreted to reflect
the strengthening of the EAWM and/or the increased dust availability in
northern source regions (Gong et al., 2017), where zircons of these ages
are particularly well expressed.

9.2. Provenance of the Red Clays: summary from published data

From the previous provenance studies and the analyses presented
above, it is clear that the Neogene RC dust has originated from multiple
sources and that the sources lie mostly to the west and northwest of the
CLP. While the RCs certainly record a mix of sources, the secondary
source areas also likely received material from multiple primary and
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high towards the Quaternary. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Quaternary Iozess, n=5076
Neogene Red Clay, n=9175

500 1000 1500 2000 2500 3000

Age [Ma]

Fig. 9. KDEs of the grouped Red Clay (red) and loess (yellow) zircon U-Pb ages compared. The grey bars indicate the age ranges 300-200 and 500-400 Ma. Loess
data from: Pullen et al. (2011): Heimugou; Bird et al. (2015): Jingbian, Beiguoyuan, and Lingtai; and Zhang et al. (2018a): Lantian. Red Clay data from: Shang et al.
(2016; Dongwan, Baode, Lantian), Gong et al. (2017; Lingtai), Nie et al. (2018; Chaona), Pan et al. (2018; Shilou), Zhang et al. (2018a; Lantian), and Liu et al. (2019;
Xifeng, Luochuan). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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secondary source regions, which complicates the RC source interpreta-
tion. Based on the observations from the data above we can make some
basic interpretations of general provenance trends in the RC.

The spatial differences in the RC provenance are especially clear
when comparing the detrital zircon U-Pb ages from the northern RC sites
(Baode, Shilou) to those of the more southern sites (Luochuan, Xifeng,
Chaona, Lingtai, Dongwan, Lantian; Fig. 7). The northern RC sites seem
to have more influx from northern sources (CAOB and NCC), which is
indicated by the high 300-200 Ma age peaks and the relative abundance
of the Archean and Palaeoproterozoic ages, while the southern sites
show dominance of western sources indicated by the high 500-400 Ma
age peaks. These inferences are supported by the NW/N-SE/S trending
decrease of grain size, implying that low-level northerly/northwesterly
winds dominated dust transport during the Neogene, and that the
EAWM pattern already existed in the late Pliocene (Han et al., 2007;
Miao et al., 2004; Wen et al., 2005; Zan et al., 2018). A W-E trend is also
seen when the grain sizes of the western CLP RC deposits in Linxia Basin
(Fig. A1) are compared to the more eastern CLP sites (Lingtai, Lantian),
which implies that a W-E wind component also existed in the late
Pliocene (Zan et al., 2018). The combined zircon U-Pb data in Fig. 8
support a westerly wind component since at least 8.1 Ma (see discussion
below). Dust trajectory modelling by Shang et al. (2016) additionally
shows that the northerly winds may have been more dominant in
transporting dust to Baode than to Lantian, Dongwan or Chaona,
whereas the proportion of trajectories crossing the western deserts
(Tarim and Northern TP) increases from Baode to Lantian to Chaona/
Dongwan. However, the proportion of the EAWM vs. other northwest-
erly/westerly winds as the transporting agent, remain poorly
understood.

Another ambiguity that remains is the proximity of the western
sources. As shown in Figs. 8 and 9, the early Palaeozoic age peak (ca.
450-420 Ma) seems to be the most prominent and quite stable source
signal since at least 8.1 Ma. Thus, western sources, whether distal or
more proximal, have been significant during this time period. A prox-
imal source may be the western Mu Us Desert, which shows high
abundance of the early Palaeozoic ages (Figs. 4 and 5). However, the
environmental-sedimentary nature of this area during the Neogene is
unclear. Furthermore, the present-day west Mu Us zircon age spectrum
is highly influenced by sediment influx from the YR (Stevens et al.,
2013). However, it is uncertain whether this system had been formed in
the Neogene, although Lin et al. (2001) suggest the YR bend around the
Ordos Block formed in late Miocene-early Pliocene, and Wang et al.
(2019) demonstrate YR transport of sediment to the nearby Yinchuan
Basin from at least 3.3 Ma. Recently, Zhang et al. (2021b) also showed
evidence that a similar upper-middle YR fluvial system as seen today had
already formed by ca. 5 Ma. Alternatively, dust may have been trans-
ported from the sources in the CCO or even further afield in the Tarim
Basin, both of which also show a high peak at 500-400 Ma. As discussed
in Section 5.6, the NE TP rapidly uplifted at 8.1 Ma producing an in-
crease in the sedimentation rates in Qaidam Basin (Cheng et al., 2021;
Fang et al., 2007), which may have also increased dust transport from
the CCO to the CLP. In terms of Tarim Basin, it is not well understood
whether the distal basin acted as a coarse dust source, as it is an enclosed
basin where only high elevation suspended dust can travel far afield
(Sun, 2002), although since the finer grain sizes of the RC deposits
compared to loess seem to indicate a longer transport for the Neogene
dust (Yang and Ding, 2004), this may well be the case. To resolve these
ambiguities and develop a better understanding of the proximity of the
possible western sources, a distinction of the distal and proximal western
source area signals is required, which is not possible with the zircon
ages, since the CCO and Tarim sources share very similar age distribu-
tions (Fig. 4). In Section 6, we showed that these areas have distinct
metamorphic natures in terms of formation temperatures (Fig. 3), and as
such, metamorphic mineral tracers, such as detrital rutiles, could as such
be used to discriminate the two potential western sources.

The temporal variations in the wind directions during Neogene are
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even less understood than the spatial variations. Excluding the 10.2 Ma
Shilou sample, Fig. 8 shows that most changes in the 500-200 Ma zircon
U-Pb ages of the RCs occur in the 300-200 Ma age component. The
500-400 Ma age peak shows only slight change in the youngest RC units
(3.5-2.7 Ma), where the peak widens and gets younger, and starts to
resemble the Quaternary loess (Fig. 8). The 300-200 Ma ages, on the
other hand, show relatively higher proportions during 6.56-6.19 Ma and
from 5.26 Ma onwards, and relatively lower proportions during 8.1-6.6
Ma and 6-5.47 Ma (Fig. 8). However again, based on the zircon ages
alone, it is not possible to trace these changes to specific source areas, as
the 300-200 Ma age peaks are present in various sources north, west and
south of the CLP (Fig. 4). Either a more detailed study on the specific
zircons (e.g. Hf isotopes), or potentially another single-grain provenance
proxy such as the rutile geochemical analysis addressed in this paper, is
needed to better understand the sources that produce the 300-200 Ma
signal in the zircon age distributions, and thus to better understand the
possible temporal variations in the RC source(s). The parts of the CAOB
discussed in this paper are usually considered the main source for the
300-200 Ma zircon age component. This area has a relatively dominant
medium-temperature greenschist to amphibolite facies metamorphic
nature compared to the more diverse western source areas (Fig. 3).
However, its distal western parts in South Tianshan have distinct low
temperatures and this “cool” trend continues further east in the NQO in
the CCO. In the NE CAOB, on the other hand, the NE China Khondalite
Belt could provide high-temperature metamorphic signals to sources to
the northeast of the CLP, although the zircons from the NE China deserts
do not have a strong early Palaeozoic age signal that would correspond
to the age of the belt (Figs. 4 and 5). Despite the uniform medium-
temperature signal from the southern Mongolia and northern China
CAOB, in the more proximal northern/northwestern source regions, the
NCC has multiple high-grade metamorphic terranes or complexes, of
which the KB is unique in its abundant UHT localities (Section 6).
Combined with zircon age data, Zr-in-rutile temperatures of detrital
rutiles could be used to pinpoint this northern/northwestern source area
that, according to the Palaeoproterozoic zircon ages, is likely present at
least in the signal from the eastern Mu Us, the Cretaceous sandstone in
Mu Us, and the middle reaches of the YR (Fig. 5).

A further major question in provenance of the aeolian CLP sediments
also remains over whether the transition from the Neogene to Quater-
nary was marked by a shift in dust source(s) in the RC to loess. Whole
rock geochemical provenance studies by Sun (2005), Sun and Zhu
(2010) and to some extent Xiong et al. (2010) suggest a provenance shift
did occur at the Pliocene-Pleistocene transition, while Wang et al.
(2007), Chen and Li (2013) and Bird et al. (2020), as well as heavy
mineral studies by Nie et al. (2013) and Peng et al. (2016), argue that no
provenance change occurred. Quartz-based tracers also imply no major
provenance change occurred during the Pliocene-Pleistocene transition
(Ma et al., 2015), although quartz 580 values indicate some changes in
the composition of the source systems at 2.6 Ma (Hou et al., 2003; Yan
et al., 2017). The grouped data of RC and loess in Fig. 9 indicates slight
differences in the sources of the two deposits, although the grouping of
data may be problematic, especially in biasing the RC data towards the
Chaona zircons as addressed earlier. The loess shows higher proportions
of <100 Ma, ca. 250-200 Ma and 400-300 Ma ages than the RC, and the
500-400 Ma age peak is slightly younger in the loess than in the RC
(Fig. 9). These variations are, however, smaller than those variations
observed within the RC through time and between sites across the CLP,
and the small differences between the loess and the RC could also derive
from laboratory calibration procedures. Zircon U-Pb studies that have
analysed samples from both RC and loess from the same site, generally
indicate only slight changes in the age distributions (Liu et al., 2019; Nie
etal., 2018). One exception is in the southernmost site in Lantian, where
the distal sources from the arid regions between the Gobi Altay Mts. and
NE TP seem to have become more significant in the Quaternary than
they were in the Neogene, based on clearly increased proportion of ca.
280-270 Ma ages (Zhang et al., 2018a). Whether the overall small
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changes in the zircon age spectra between the RC and loess reflect true
changes in provenance at the Neogene-Quaternary transition, or only
the result of spatial variation and uneven sampling, is left unanswered.

In sum, the specific ambiguities introduced here cannot be solved by
any amount of zircon U-Pb age data alone. However, because of its
ability to detect multiple mixed sources, a single-grain method is justi-
fied for detailed provenance analysis of the CLP dust. The ambiguities of
the zircon U-Pb data can be explained by not only the scarcity of high-N
data, but also by the overlapping main periods of tectonic activity in the
potential primary source regions of the CLP dust. From the geologic
history outlined above, we know the closures of the PAO and the Palaeo-
Tethys Ocean partly overlap, resulting in late Palaeozoic to early
Mesozoic ages in most source areas (Fig. 5). We also know that the CCO
mostly formed in the early Palaeozoic, but parts of the CAOB were also
active during that same time period. Although a rough division can be
made between western source areas with dominant 500-400 Ma ages
(Tarim and Altyn Tagh, CCO) and north/northwestern source areas with
dominant 300-200 Ma ages (CAOB), these age components are more or
less present in most of these source areas (Fig. 4), which makes it
difficult to distinguish the relative proportion of dust input from those
sources, and statistical unmixing tools that may be able to do this (Licht
et al.,, 2016; Zhang et al., 2021a) require high-N data which at the
present is not available for the majority of RCs. However, these source
areas with similar age distributions have largely experienced different
metamorphic conditions during their formation (Section 6). Although
zircon can be a high-grade metamorphic mineral and therefore could
also be used to address the metamorphic source signal, the very fine
grain size of the RC sediments normally limits the number of analyses to
only one analysis per grain if using laser ablation methods. Furthermore,
zircons bias the results towards intermediate and felsic rocks. Therefore,
a multi-proxy single-grain approach with both igneous and meta-
morphic minerals would be preferable. Rutile, a predominantly meta-
morphic mineral, has multiple applications for provenance, e.g.
geothermometry and lithological classification of the metamorphic
protolith. The similar physical properties of zircon and rutile also en-
ables a relatively easy simultaneous preparation of the two minerals for
analyses. For these and above discussed reasons, we suggest the use of
joint detrital rutile geochemical and zircon U-Pb analysis for provenance
studies of the CLP dust in order to overcome limitations in existing data
and resolve the outstanding questions over loess and RC provenance. In
the next section, this joint method is tested to analyse the provenance of
the Nihewan RC in northern CLP and to demonstrate the potential of this
approach.

10. Nihewan Red Clay provenance
10.1. Geologic background and sampling

The Nihewan Basin lies on the northeastern margin of the CLP (NW
in Fig. 1) and is famous for yielding rich early Pleistocene mammalian
fauna and Palaeolithic sites (Barbour, 1924, 1925; Barbour et al., 1926).
The basin is part of the Fen-Wei Graben system covering an area of
~150-200 km?, and is filled with more than 150 m of Cenozoic aeolian,
fluvial and lacustrine deposits exposed along the banks of Huliu and
Sanggan rivers (Cai et al., 2013). The Cenozoic sediments in the Nihe-
wan Basin are clustered in four units, the early Pliocene “Hipparion” RCs
of the Shixia Formation (Barbour, 1925; Huang and Guo, 1981), late
Pliocene fluvio-lacustrine and palustrine Daodi Formation (Du et al.,
1988), Pleistocene fluvio-lacustrine Nihewan Formation and the over-
lying Malan loess. The Shixia Formation unconformably rests on the
crystalline basement rocks and consists of dominantly silts and clays
with distinctive red colouration and carbonate nodule rich horizons,
reminiscent of Neogene RC deposits on the CLP. The high degree of
similarity of the REE patterns between the Shixia RCs and those from the
CLP (Liu et al., 2018), as well as grain sizes and lack of hydraulic
structures support an aeolian origin for the fine-grained sediments of the
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Shixia Fm.

A sediment sample was collected from the Shixia RC (N40° 15.754;
E114° 43.801') close to Shixia village, located in the northeastern
Nihewan Basin, on the northern side of the Sanggang River and ~ 1.5 km
southeast of the Xiashagou, where the Nihewan Fauna (sensu stricto) was
initially reported by Teilhard de Chardin and Piveteau (1930).
Approximately 4 kg of sample was collected from a homogenous clayey
silt overlain by a calcareous horizon composed of CaCO3 nodules a few
cm in diameter. The clayey siltstone is massive, slightly calcareous and
shows a deep red colour (Munsell 5YR 5/4) (Fig. 10) with subtle traces
of Fe-Mn staining. The magnetostratigraphy of Liu et al. (2018) place the
sampled level at chron C2Ar (4.19-3.6 Ma) at ca. 4 Ma. While there are
no rutile data available from potential secondary sources, the location of
the Nihewan RC is ideal for testing the novel rutile provenance proxy
since there are four studies that have reported Zr-in-rutile temperatures
from adjacent potential primary source areas, including the KB, the
TNCO, and the northern margin of the NCC (Fig. 11).

10.2. Sample preparation and methods

The sample was wet-sieved at 20 and 500 ym and dried in oven at
50 °C for heavy mineral separation at the Mineral Separation Laboratory
of Vrije Universiteit Amsterdam. The sample was then dry-sieved at 250
um before using diiodomethane heavy liquids (2.89 and 3.31 g/m>) and
at 120, 90, 60, and 30 pm prior to using a Franz magnetic separator. The
zircons and rutiles were randomly hand-picked from a low- or non-
magnetic heavy mineral separate, and from size fractions 30—120 pm
(zircons) and 30—90 pm (rutiles) under an optical microscope and
mounted in epoxy and polished. The grains were then pictured and
analysed by scanning electron microscope JEOL JSM-5900-LV (20 kV, 1
nA) at the Geological Survey of Finland (GTK), in order to ensure only
zircons and rutiles were picked. From backscattered electron images
(Figs. A6-A7) and qualitative element mapping (rutiles), areas free of
zoning, visible inclusions and cracks were chosen for U-Pb (zircon) and
trace element (rutile) analyses. The grain sizes of each grain were
measured from optical microscope and backscattered electron images
using the program Fiji ImageJ (Schindelin et al., 2012) (https://imagej.
net/Fiji).

Zircon U-Pb and rutile trace element analyses were performed using
a Nu Plasma AttoM single collector ICP-MS (Nu Instruments Ltd.,
Wrexham, UK) connected to an Analyte Excite 193 ArF laser ablation
system (Photon Machines, San Diego, USA) at GTK. The zircon U-Pb
analyses were run with a laser beam diameter of 25 pm, 5 Hz pulse
frequency, and a beam energy density of 2.5 J cm™2. Calibration stan-
dard GJ-1 (609 & 1 Ma; Belousova et al., 2006), in-house standard A382
(1877 4+ 2 Ma, Huhma et al., 2012) and A1772 (2711 4+ 1 Ma, Huhma
etal., 2012) were cyclically run during the analytical sessions. Using the
software GLITTER™ (Van Achterberg et al., 2001), raw data were cor-
rected for the background, laser-induced elemental fractionation, mass
discrimination and drift in ion counter gains and reduced to U-Pb
isotope ratios by calibration to concordant reference zircons. Common
Pb correction according to the model by Stacey and Kramers (1975) was
used when the analysis showed common Pb contents significantly above
the detection limit (i.e., >50 cps). All the ages were calculated with 16
errors and without decay constant errors. Similarly to the zircon data in
Sections 7 and 9, a threshold of 1.0 Ga for the 20615,/238p, (<1.0 Ga) and
207p,/296pp (>1.0 Ga) ages, and a discordance filter of 10% were used.
The detrital zircon ages are plotted as a KDE with a bandwidth of 15 Myr
using the R package “provenance” (Vermeesch et al., 2016). With the
same R package, a non-metric MDS map with Kolmogorov-Smirnov
statistic was generated of the Nihewan and the potential source area
zircon data (Section 7). The stress value of the MDS configuration was
7.6%, which indicates good fit of the data.

The instrument settings for the rutile trace element analyses were as
follows: a 10 Hz pulse frequency, and a 5 mJ pulse energy at 30%
attenuation were used to produce an energy flux of 2.0-2.5 J cm 2. The
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Fig. 10. a) Photo of the Nihewan Red Clay (Shixia Fm) sampling location. b) Close-up photo of the Nihewan Red Clay showing the massive structure of the sediment
and the carbonate nodules. Photo credit: Arya Farjand. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 11. Geologic map of the CLP and adjacent areas after Steinshouer et al. (1999). The upper (U), middle (M), and lower (L) reaches of the Yellow River are divided
by black lines. The location of the East and West NCC, TNCO, and IMSZ/KB, which are the most relevant in terms of the provenance of the Nihewan RC, are indicated
by dark gray lines. For the full set of labelled units/terranes see Fig. 2. Most Phanerozoic rock units in the TNCO are sedimentary unless otherwise indicated. High
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this article.)
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laser spot size was 20 or 25 pm, depending on the grain size. Due to the
small grain size of the rutiles, only one measurement spot was used. Each
analysis was initiated with a 20 s baseline measurement followed by
switching on the laser for 40 s of sample signal acquisition. Analyses
were made using time-resolved analysis with continuous acquisition of
data for each set of points (2 standards, 15 unknowns, 1 quality control
standard). The standard BHVO-2G was used as an external standard, and
the standard BCR2-2G was used for quality control (Jochum et al., 2005;
Schudel et al., 2015). The isotope 47Ti was used as an internal standard
for rutile. A value of 100% TiO, was allocated to each rutile for the
calculation. The measurements were performed over 49 isotopes and 45
elements at low resolution (AM/M = 300) using the fast scanning mode.

Earth-Science Reviews 225 (2022) 103909

Data reduction was handled using the software GLITTER™ (Van Ach-
terberg et al., 2001), which allows the baseline subtraction, the inte-
gration of the signal over a selected time resolve area, and quantification
using known concentrations of the external and internal standards.
Grains that showed high amounts (>10,000 ppm) of Si or Fe, and/or
where mineral inclusions or a mix of multiple minerals could be detected
in time-resolved analysis (Figs. A2—A3), were discarded as they were
interpreted as signals deriving from other mineral phases than rutile. In
addition, two rutiles showing high Si coupled with high Zr contents were
also excluded from further analysis, because they may indicate the
presence of zircon micro-inclusions in the rutiles, and result in false Zr-
in-rutile temperature estimations. Discrimination between the TiO,
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polymorphs rutile, anatase and brookite was made according to Triebold
etal. (2011), by using the trace element concentrations of Nb, Cr, Sn, Fe,
V, and Zr. Only rutiles were chosen for further data processing. Cr-Nb
systematics by Triebold et al. (2012) were used to discriminate be-
tween metamafic and metapelitic rutiles. Zr-in-rutile temperatures were
calculated after Tomkins et al. (2007) with a 10 kbar and a-quartz
setting using the equation

83.9 +0.410P

= —273
0.1428 — Rin|Zr(ppm) |

T(°C)

where P is pressure in kbar and R is the gas constant, 0.0083144 kj K _.
The same thermometer was used for the data from previous studies.

10.3. Results

Altogether 228 concordant detrital zircon ages were obtained from
the early Pliocene Nihewan RC. The grain sizes of the zircons varied
mostly from ~36 to 173 pm. Two grains had a long axis length of ~243
and 248 pm and one grain ~360 pm. The KDE of the detrital zircon U-Pb
ages is shown in Fig. 12a. The dominant age populations are at ca.
2700—2300 Ma (n = 106, peak at ca. 2500 Ma) and at ca. 400—200 Ma
(n = 52, peak at ca. 290 Ma), and minor populations occur at ca.
200—100 Ma (n = 14, peak at ca. 150 Ma), ca. 600—400 Ma (n = 20,
peak at ca. 470 Ma), and ca. 2000—1700 Ma (n = 23, peak at ca. 1820
Ma). The youngest (<200 Ma), and the oldest (>2200 Ma) populations
have the highest proportions of bigger grains (>80 pm), whereas the
other populations are dominated by smaller (<80 pm) grains (Fig. 12b).
It should be noted that 82% of >80 pm grains are sub-rounded, rounded
or well rounded, implying aeolian origin or reworking (Garzanti, 2017),
although roundness of the zircon grains may be also controlled by their
age (Fig. 12b).

86 detrital rutiles were analysed from the Nihewan RC sample. The
grain sizes vary from ~40 pm to 222 pm, but the majority are <80 pm.
The rutiles have similar proportions of grain sizes analysed as the zircons
from the same sample (Figs. 12c and 13a). Three out of 86 rutiles are
metamafic according to the Cr-Nb systematics (Fig. 13d). The Zr con-
centrations of the rutiles varied from 7 to 4505 ppm, which correspond
to metamorphic temperatures of 421—935 °C. Most of the >100 pm
grains formed in granulite-facies (>750 °C) (Fig. 13c). It should be noted
that the Zr concentration of rutile is not dependent on grain size (von
Eynatten et al., 2005). Therefore, the high temperatures of the large
detrital rutiles are likely representative of primary source rocks. This is
supported by the observation that the second smallest grain (rutile No.
17, ~41 pm) in the data set of this study records one of the highest
metamorphic temperatures (Zr = 4363 ppm, 931 °C; Fig. 13c).

10.4. Discussion

Since rutile data from potential secondary (sedimentary) source
areas are lacking, the data and analysis of the potential primary source
areas presented in Section 6 form the basis of the provenance interpre-
tation from the rutile data. The aim of this section is to show the
importance of understanding the geology of the primary source areas in
provenance analysis by using these compilations. Another aim of this
section is to show the potential of detrital rutile as a provenance proxy
for the aeolian sediments on the CLP, as well as provide new insight into
the provenance of the Nihewan RC. The Nihewan RC sample shows a
relatively clear source signal in the zircon age spectrum, which leaves
less room for speculation over the main source areas and therefore forms
another good basis to test provenance interpretation from the novel
rutile method. As we only present data from one RC unit, some of the
problems discussed in Section 9.2 regarding the zircon provenance
proxy cannot be addressed here (e.g. the temporal variation of the
sources).

Our data from both zircons and rutiles are collected from relatively
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Fig. 13. The Nihewan RC rutile data. Pie charts of the a) grain sizes, and b) Zr-
in-rutile temperatures (Tomkins et al., 2007) of the analysed rutile grains. c)
The grain size, morphology and the Zr-in-rutile temperatures (Tomkins et al.,
2007) of the rutiles. d) Cr vs. Nb concentration of the rutiles and source rock
lithology according to Triebold et al. (2012).

coarse grains, which likely biases the results towards more proximal
sources. However, coarse particles can be transported from distant
sources via step-wise movement via multiple dust storms or via river
transport. Furthermore, Van der Does et al. (2016, 2018) have shown
that coarse (>63 pm) or even “giant” (>75 pum) dust particles can be
wind-transported thousands of kilometres directly from source to sink,
especially via dust storms. The single-grain detrital zircon provenance
analysis by Nie et al. (2018) also indicated similar sources for the
Chaona RC <20 pm and > 20 pm fractions. As such, we have not
excluded the possibility of zircons and rutiles deriving from distal
sources in our provenance interpretation of the Nihewan RC.

The detrital zircon ages from the Nihewan RC differ significantly
from the other RC sites discussed in Section 9.1 by the greater abun-
dance of the Archean-Palaeoproterozoic ages relative to Palaeozoic to
late Mesozoic ages. Compared to the potential source areas, the zircon
age distribution of the Nihewan RC (Fig. 12a) is very similar to that of
the East and West NCC, the different samples from the Mu Us Desert, and
the middle reaches of the YR (Fig. 5). The MDS map of the zircon data
(Fig. 14a) support this and indicate E NCC, E Mu Us, the middle reaches
of the YR, and Mu Us Cretaceous sandstone as the most probable sources
for the Nihewan RC. At least for the Archean-Palaeoproterozoic (60%
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>80 pm) and the Jurassic-Cretaceous (57% >80 pm) zircons, it seems
indisputable that they derive from proximal sources on the NCC, since
they consist mostly of zircons with large grain size and those zircon ages
are consistent with the bedrock of the NCC and the rocks formed during
the Yanshan Revolution (Section 5, Fig. 11).

The high age peak at ca. 400—200 Ma and the MDS map suggest
material could be transported from the proximal E Mu Us, which is
consistent with provenance interpretations from other northern CLP RC
areas Baode and Shilou (Section 9.1). However, the Mu Us Desert lies
southwest of the Nihewan RC, and there are no indicators of south-
westerly winds in the Neogene. Other sources that could contribute to
this ca. 290 Ma age peak in the Nihewan RC are the Upper and Middle
YR (which likely existed in the Pliocene; Zhang et al., 2021b) and the
central deserts west of Nihewan, or the CAOB sources further west/
northwest, such as the Tianshan, Gobi Altay Mts. piedmont, CS
Mongolia, NE deserts, and/or even Junggar and Tarim Basins (Fig. 5).
The only CAOB source region that has age peaks in the 2500—1500 Ma
age range is the NE deserts. Based on these data alone, the possibility of
one of the more distal source areas further west or northwest of Nihewan
contributing to the ca. 290 Ma age peak cannot, however, be ruled out.
Most grain sizes of the analysed zircons are relatively large for long-
distance transport but the relatively smaller grain size (typically <80
pm) of the 400—200 Ma zircons compared to the Archean-
Palaeoproterozoic and Jurassic-Cretaceous zircons, could also suggest
some of these grains to have been transported further. This may include
grains originating from central deserts and/or CAOB sources, and the
relative distance between Nihewan and these areas on the MDS plot
could be explained by a mixture of source areas (Fig. 14a). Indeed, the
position of the Nihewan RC age peak at ca. 290 Ma is most similar to the
age peaks of the central deserts, CAOB, and the Middle YR, rather than
that of the Upper YR (Fig. 5), which represents material eroded from the
NE TP (CCO) (Nie et al., 2015). This is supported by the relatively low
abundance of 600—400 Ma grains (see below), abundant in the Upper
YR. Furthermore, despite its proximity to Nihewan on the MDS map, an
origin from the Middle YR reaches itself appears unlikely due to its
geographic position to the SW of Nihewan, as well as due to the fact that
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the Middle YR dominantly erodes Cretaceous sandstone and the NCC
immediately after the upper/middle reach YR boundary, rather than
deposits material (Nie et al., 2015). Furthermore, the NW/N China and
southern Mongolian primary sources include more terranes (CAOB) that
formed during ca. 350—250 Ma than the primary source terranes in
central China (CCO), which have more abundant formation ages at
<250 Ma and > 350 Ma (Table 1).

The presence of the 600-400 Ma ages in the sample, mostly con-
sisting of smaller grains (<80 pm), implies that, similarly to Baode
(Shang et al., 2016), some material may have been transported from
distal sources from the CCO or Tarim, since those ages are not abundant
in the E Mu Us, E NCC, Middle YR, nor the nearest CAOB samples
(Fig. 5). However, these ages could also be explained by a proximal
western source from the Upper YR, which does have abundant ages in
this range (Fig. 5), although as discussed above, this cannot be the only
source. These ages are also present in abundance in the W Mu Us and W
NCC samples, although both of these areas are also southwest of Nihe-
wan and therefore unlikely source areas (Fig. A1). To conclude, based on
the zircon data, eroding local rocks (NCC) provide most material to the
Nihewan RC, but the dry areas in the CAOB region, the central deserts,
and possibly the upper reaches of the YR, likely also act as sources. Some
sediment input from sources further west in the CCO and/or Tarim
cannot be excluded from the potential source areas. If southwesterly
palaeowinds were present in the early Pliocene, the E and W Mu Us
Desert, and the W NCC may also have been sources for the Nihewan RC.

The rutile data provide a means to examine these ambiguities in the
zircon age data. In general, the rutile data are consistent with the zircon
data, but compared to published rutile data from adjacent areas
(Fig. 15), the Nihewan RC Zr-in-rutile temperatures show higher vari-
ability, possibly indicating multiple sources for the RC rather than one
(proximal) source. The likely sources for the HT and UHT granulitic
rutiles in the Nihewan RC are the proximal KB and TNCO on the NCC
because HT and UHT rutiles outside these areas in the study region are
scarce (Section 6). A proximal source is supported by the large grain
sizes of the granulitic Nihewan rutiles and inferences of strong local
source input based on the zircon data. Furthermore, rutiles from the KB
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Fig. 15. Comparison of the Zr-in-rutile temperatures (Tomkins et al., 2007) of
the Nihewan RC and the previously published rutile data from adjacent areas
(see locations in Fig. 11): 1: Liu et al. (2014a), 2: Jiao et al. (2011), 3: Wang
et al. (2020), 4: Shi et al. (2012), 5. Zhao et al. (2021).

and the rutile xenocrysts in the carbonatite dykes from the TNCO are
metapelitic and detrital rutiles from north NCC and north TNCO are both
metamafic (2.8% and 17%, respectively) and metapelitic (97.2% and
83%). Nihewan rutiles are mostly (97%) metapelitic, while those from
the Daixian rutile ore in TNCO are all metamafic, also strongly sup-
porting a dominant proximal source from the KB and adjacent areas.
However, 16% of the rutiles in Nihewan have metamorphic tempera-
tures lower than 600 °C, which are not present in the data from the
adjacent areas (Fig. 15). Their grain sizes are also on the smaller side in
the data set (Fig. 13c). Some of these lower Zr-in-rutile temperatures in
the Nihewan sample may represent post-peak temperatures from gran-
ulitic source regions, but since post-peak temperatures are included in
the studies in Fig. 15, most of these greenschist to amphibolite facies
Nihewan rutiles are likely transported from other regions. This obser-
vation helps remove an ambiguity in the zircon data as the presence of
low-temperature metamorphic grains could indicate a source signal
from regions further west, such as the NQO in the CCO, or even the
Tianshan in the CAOB, where low-temperature metamorphism is
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prevalent (Section 6). The rutile studies in distant Tianshan show Zr-in-
rutile temperatures of ~ < 640 °C, mostly <580 °C, and metamorphic
temperatures from NQO are between 420 and 540 °C (Table 1),
consistent with the Nihewan low-temperature metamorphic rutiles.
Thus, the combined rutile and zircon data demonstrate both near source
and far-travelled grain sources the Nihewan RC sample, with the rutile
data providing greater constraints on the far-travelled components, and
demonstrating the potential of this combined approach.

For future comprehensive provenance analysis of the Nihewan RC by
the joint zircon-rutile method, the sedimentary source area rutiles
should be analysed for comparison, other trace elements (especially high
field strength elements) than presented here (Zr, Cr, Nb) could be ana-
lysed, the number of analysed rutile grains should be increased for a
better statistical significance, and ideally the analysed grain sizes should
be smaller in order to better detect possible transport from distal source
areas.

11. Concluding remarks

We present a compilation of the tectonic history of northern China
and southern Mongolia that act as the main source areas for the
Neogene-Quaternary aeolian dust deposits on the Chinese Loess Plateau
(CLP). Future provenance studies on the CLP dust by single-grain
methods using geochronologic or metamorphic tracers benefit from
this better synthesized understanding of the primary source rocks in
which the detrital minerals originally crystallized. This paper discusses
four main tectonic divisions of the region: The North China Craton, the
Tarim Craton, the Central China Orogen, and parts of the Central Asian
Orogenic Belt. The oldest rocks of the study region (Archean to Prote-
rozoic) are in the North China Craton, where the CLP lies, and in the
Tarim Craton in West China, but Proterozoic rocks occur also in the
Central China Orogen which is located west, south, and east of the CLP,
and in parts of the Central Asian Orogenic Belt north and northwest of
the CLP. Most of northern China and southern Mongolia formed during
the Palaeozoic to Mesozoic closures of the Proto-Tethys (early Palae-
ozoic), the Palaeo-Tethys (early Mesozoic), and/or the Palaeo-Asian
(late Palaeozoic to early Mesozoic) Oceans. The Central China Orogen
records early Palaeozoic to Mesozoic Proto- and Palaeo-Tethys closure
events, while the Central Asian Orogenic Belt mostly formed during the
Palaeo-Asian Ocean closure during late Palaeozoic to early Mesozoic,
although parts of the terrane were active also in the early Palaeozoic.
The youngest pre-Cenozoic tectonic events in the northern China-
southern Mongolia region were concentrated in the eastern parts of
the study area, in the North China Craton and Central Asian Orogenic
Belt, where they were affected by the late Mesozoic (ca. 170-120 Ma)
Yanshan Revolution.

The metamorphic features of the primary source regions are also
compiled in this paper, with a focus on metamorphic temperatures. The
most striking features of the study region are the proximal North China
Craton regions to the CLP that show HT/UHT metamorphic conditions
in the Khondalite Belt and Trans-North China Orogen. Outside these
Palaeoproterozoic belts, the HT/UHT localities are scarce. In distal re-
gions, most of the Tarim Craton and Central Asian Orogenic Belt have
been metamorphosed in greenschist to amphibolite facies, but in Tian-
shan (Central Asian Orogenic Belt) in the northern margin of the Tarim
Craton, a high-pressure/low-temperature zone is identified. This trend
of relatively low metamorphic temperatures continues to the North
Qilian Orogen in the Central China Orogen, which could potentially be
used to identify dust sources from distal western regions.

Dust on the CLP is likely to come from a range of mixed sources,
which means that use of single-grain provenance proxies is needed when
sourcing the CLP dust. While detrital zircon U-Pb dating has led to major
breakthroughs in understanding dust provenance to the CLP, the sole use
of detrital zircons still leaves ambiguities in provenance inferences,
caused partly by the somewhat overlapping age distributions in the
potential source areas west, north, and south of the CLP, the scarcity of
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high-N detrital zircon age data for the CLP dust, and the bias inherent in
the technique resulting from exclusion of metamorphic or zircon poor
potential source rocks. Our compiled published dataset and re-analysis
shows the dominance of 500—400 Ma ages over the 300—200 Ma
ages has traditionally been attributed to western source area prevalence
(Tarim and Central China Orogen), while the abundance of the
300—200 Ma ages is traditionally assigned to a source signal from the
north/northwest of the CLP (Central Asian Orogenic Belt). However, the
proximity of the western source areas is inconclusive from zircon U-Pb
data alone, since secondary sources from both Central China Orogen and
Tarim show similar age distributions. Furthermore, the 300—200 Ma
zircon ages are present in almost all source areas to some degree, and
should not be directly assigned only to the northern/northwestern
Central Asian Orogenic Belt sources. Therefore, other proxies than the
age of detrital zircons, which is also biased towards intermediate and
felsic igneous rocks, should be used.

Our review and data compilation show that the metamorphic fea-
tures of the distal (Tarim) and more proximal (Central China Orogen)
western source regions differ, and that a northern/northwestern source
signal could possibly be pinpointed from metamorphic temperature data
by using the UHT signal from the Khondalite Belt. For these reasons, we
encourage the use of multi-proxy single-grain provenance studies
through combined detrital zircon U-Pb and detrital rutile geochemical
analysis for sourcing the CLP sediments. The trace element geochemistry
of detrital rutiles allow metamorphic features (temperature, protolith)
of the primary source rocks to be used for quantitative provenance
analysis. To illustrate the potential of this joint approach, we analysed
the provenance of the ca. 4 Ma Nihewan Red Clay in northern CLP. The
Nihewan zircon U-Pb and rutile trace element data show consistent re-
sults, which verifies the use of the novel rutile method. The data imply a
main source from the eroding local bedrock (North China Craton), with
additional contributions from the dry areas in the Central Asian
Orogenic Belt region, the central deserts, and the Yellow River.
Furthermore, if southwesterly winds were present during the Nihewan
Red Clay deposition, Mu Us sediments could have been another major
source. The joint zircon and rutile data also suggest that material from
further west (Central China Orogen and Tarim) may have been trans-
ported to Nihewan, which is particularly evident in the rutile data.
However, our aim here is more to reveal the potential of this approach
and provide background data that facilitates it. More detailed analyses
and rutile data from the potential secondary source areas are needed to
make further conclusions, and we hope our new geologic background
and data compilation provide a means to significantly refine future
source interpretation to the CLP. Our review and data also demonstrate
how future provenance studies on the CLP sediments would benefit from
multi-proxy single-grain approaches. The combined use of detrital zir-
cons and rutiles is especially practical because of their similar physical
properties, enabling their simultaneous preparation, and because of the
different source rock information that they provide. Future methodo-
logical developments enabling the analysis of large numbers of finer
grain sizes would also aid in achieving better understanding of the Red
Clay provenance and its spatiotemporal variations.
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