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Identifying the provenance of aeolian deposits in semi-arid zones of China is beneficial in
understanding Earth’s surface processes and helping to alleviate ecological stress. In this
paper, we use grain-size, geochemical elements, heavy-minerals, and quartz grain
morphology data to investigate the potential source of aeolian sands from the Ordos
Deserts (Mu Us Sandy Land and Hobq Desert). Sedimentological, geochemical and
geomorphological results indicate that significant provenance differences exist among
various parts of the Mu Us Sandy Land, i.e., aeolian sediments from the southwest region
are obviously distinct from other areas in the Mu Us Sandy Land but show the same
external provenance with the Hobq Desert referring to the sorting, mineralogical maturity,
geochemical characteristics, heavy-minerals, and quartz grain morphology. Comparing
the samples from the Ordos Deserts with felsic rocks from potential sources via a serious of
geochemical methods, we conclude that: 1) Aeolian sands from other regions of the Mu Us
are a mixture of binary provenance, i.e., one originated from local lacustrine sediments and
underlying sandstones, and another from the Alxa Plateau (AP) carried by northwesterly
Asian winter monsoon. 2) The fluvial deposits denuded from the Qilian Orogenic Belt in the
Northeastern Tibetan Plateau (NTP) and carried by the Yellow River are likely the initial
material source for the southwest region of the Mu Us Sandy Land and the Hobq Desert. 3)
The Yellow River plays a significant and critical role in sediment transport for sand seas in
arid and semi-arid areas of northern China.

Keywords: sediment provenance, grain size, geochemical element, heavy mineral, quartz grain morphology, Ordos
Deserts

INTRODUCTION

Desert sand seas, characterized by various dune types, make up a significant part of the Earth’s
surface sediment systems (Goudie and Middleton, 2001). Sand seas and dune fields are widely
distributed across China, from semi-arid zones with annual precipitation greater than 400 mm in the
northeast to hyper-arid zones with annual precipitation less than 50 mm in the northwest (Dong
et al., 2013). Previous studies have demonstrated that extensive sand seas in northern and western
China are a significant component of the Asian aeolian dust system (Chen and Li, 2011). Dust from
these areas has drawn widespread public attention because of its potential influence on the Asian
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system including radiation balance, hydrological and
biogeochemical cycles, as well as air quality (Arimoto, 2001;
Goudie, 2009). Also, no matter what state a dune field is in
(active or stable), as well as what sort of the dune forms evolve, a
better understanding of the sand source is significant in judging
the origin and subsequent evolution of a dune field (Dong et al.,
2017). Therefore, tracing the provenance of aeolian sediment is
fundamental to understanding the formation and evolution of
deserts, the interaction between surface processes and climatic
changes, the operation of the Earth system (Molnar, 2004). Also,
it is beneficial for establishing effective environmental governance
policies for such sensitive areas in China (Du et al., 2018). Diverse
methods have been adopted to investigate the origin of desert
sediments, such as grain size analysis, geochemical tracing,
detrital mineralogy, scanning electron microscopy (SEM),
satellite imagery, environmental magnetism, detrital zircon,
and numerical modeling (Honda et al., 2004; Howari et al.,
2007; Pan et al., 2016). For example, the grain-size
characteristics of dune sands contain a mass of information
about the transport pathways and potential sources of the
sediment (Li et al., 2019). Geochemical analysis, especially of
trace and rare Earth elements (REE), has great potential in
identifying the provenance and transport pathways of
sediments since they are less fractionated during weathering,
transport, and sedimentation (Dehghani et al., 2018). Examining
the provenance of heavy minerals has been used because their
composition directly reflects the parent lithologies and primary
provenance signals (Garzanti et al., 2008). Furthermore, some
peculiar morphologies related to specific sedimentary processes
and environments can be discriminated by the analysis of quartz
grains using SEM, which provides new insights into the
provenance of the sediments (Moral Cardona et al., 2005).

The Ordos Deserts, including the Mu Us Sandy Land and the
Hobq Desert, are located in a transitional climatic zone in
northern China (Figure 1). However, aeolian landforms are
differentiated between them, i.e., the Mu Us is characterized
by fixed and semi-fixed dunes, whereas active dunes are
dominant in the Hobq Desert. In recent years, diverse
techniques have been employed to explore the provenance of
aeolian sands in the Mu Us, including geochemical indices (Rao
et al., 2011b; Rao et al., 2014; Liu and Yang, 2018), zircon U-Pb,
heavy mineral analysis, framework petrography (Stevens et al.,
2013; Nie et al., 2015; Zhang et al., 2016; Wang et al., 2019; Sun
et al., 2020), quartz crystallinity and magnetic susceptibility (Sun
et al., 2013; Hällberg et al., 2020). Detailed results from the above
provenance analyses have demonstrated that there exist distinct
provenance differences between the western and eastern regions
of theMu Us, and diverse opinions about the region’s provenance
remain. Furthermore, previous studies have either ignored
provenance with respect to regional variation or are based on
a small number of samples of the Mu Us, which may bias
interpretations of the provenance in terms of its regional
variation.

Therefore, to better reflect the regional variation in the
provenance of these desert sediments, we conducted detailed
fieldwork and collected aeolian sand samples from different parts
in the Ordos Deserts. Furthermore, we used an integrated

approach to identify the provenance of the aeolian sediments
in the Ordos Deserts, including grain size, geochemical tracing,
mineralogy, and SEM analysis. Based on sedimentological and
geomorphological data, this paper aims to present a more
complete understanding of the regional variations in the
provenance of the sediments that make up the Ordos Deserts
and to further ascertain the critical role of the Yellow River in
supplying sediments to the sand sea.

FIELD SITE, MATERIAL, AND METHODS

The Study Area
The Ordos Plateau, tectonically situated in the western part of the
North China Plate, is enclosed by the Yellow River on its western,
northern, and eastern boundaries and is mainly covered by the
Ordos Deserts. The Alxa Plateau (AP) and the Chinese Loess
Plateau (CLP) are distributed in the upwind and downwind areas
of the Ordos Desert, respectively (Figure 1). The Alxa Desert is
mainly composed of the Badain Jaran Desert (BJD), the Tengger
Desert (TD), the Ulan Buh Desert (UBD), and some small deserts
in north-central China. The bedrock of the Ordos Plateau are
composed of Archaean and Proterozoic metamorphic rocks (Rao
et al., 2011b).

Located in the transitional zone between agriculture farming
and animal grazing in the Ordos Plateau, the Mu Us Sandy Land
(37°27′-39°22′N, 107°20′-111°30′E) is bordered by the Hobq
Desert in the north, and the Yellow River in the east and west,
and covers an area of 3.2 × 104 km2 (Figure 1). It lies on the
margin of the area impacted by the East Asian monsoon, and the
mean annual precipitation ranges from 440 mm in the southeast
to 250 mm in the northwest, of which 60–80% is concentrated
during the period from June to August (Shang et al., 2001). The
annual mean temperature is about 6–9°C, and the annual mean
evaporation and aridity are 1,800–2,500 mm and 1.0–2.5,
respectively (Liu et al., 2015). The ground surface is
characterized by semi-fixed, fixed, and mobile dunes,
i.e., honeycomb dunes, parabolic dunes, vegetated dunes,
crescent dunes, dune networks, etc. The present surface is
dominated by substantial aeolian, lacustrine, and fluvial
landforms (Wang et al., 2019). Owing to the elevation
increasing gradually from the southeast to the northwest, the
majority of the rivers flow from the northwest to the southeast.
According to the calculation of the resultant drift direction, the
wind system that controls aeolian transport in the Mu Us is from
the northwest to the southeast (Figure 2).

The Hobq Desert, with an area of 1.64 × 104 km2, is located on
the margin of the northern Ordos Plateau. The mean annual
precipitation ranges from 360 mm in the southeast to 240 mm in
the northwest. Compared to the Mu Us, the majority of dunes in
the Hobq Desert are active (Zhu et al., 1980). One prominent
characteristic is that ten tributaries of the Yellow River flow
through the desert northwards (Figure 2).

Material and Methods
The Mu Us Sandy Land was evenly divided into a 10 km × 10 km
grid. Sand samples were collected from the dune crest (to a depth

Frontiers in Earth Science | www.frontiersin.org July 2021 | Volume 9 | Article 7118022

Chen et al. Sediment Provenance of the Ordos Deserts

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


of 2 cm in a 20 cm × 20 cm area), with a total of 261 surface
samples collected from 261 grid cells covering different regions
(solid circles with different colors in four different regions,
Figure 2) of the Mu Us and 7 samples (marked by H1 to 7)
were collected from the Hobq Desert (Figure 2).

Samples were oven-dried and then analyzed using a
Mastersizer 2000 (Malvern Instruments, Malvern,
United Kingdom) at the School of Geography and Tourism of
Shaanxi Normal University. Gain-size parameters, i.e., mean
grain size (Mz) and sorting (σI) were calculated based on the
method of Folk and Ward (1957).

Given that different sediment particles reflect different
transport processes and sources, we separated the fine
fractions (<125 μm) from the coarse fractions by dry sieving.
The concentrations of major and trace elements (except REE)
were analyzed using X-ray fluorescence (XRF) spectrometry at
the School of Geography and Tourism of Shaanxi Normal
University. The procedures for sample preparation are the
same as described in Liang et al. (2019). The estimated error
for repeat measurements was less than 5%. The chemical
weathering intensity evaluation index (CIA) was calculated
using the following formula (Nesbitt and Young, 1982):

FIGURE 1 | (A) Simplified geological map of China. (NCB: North China Block; SCB: South China Block; SGT: Songpan-Ganzi terrane; QB: Qaidam Basin; QT:
Qiangtang terrane; LT: Lhasa terrane; QOB: Qinling Orogenic Belt). (B) Simplified regional geological map of study area (modified after Zhu et al., 2011). (C)Geographical
location of the Ordos Deserts. The red arrows refer to the dominant wind direction.
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CIA � [Al2O3/(Al2O3) + CaOp + Na2O + K2O] × 100 (1)

where the values for each component are given in molecular
units. This calculation assumes that CaO* refers to the amount of
CaO incorporated only in silicate fraction. Here, the CIA values
were calculated assuming CaO* � Na2O (in moles), following
McLennan (1993). In addition, the plagioclase index of alteration
(PIA) was calculated by the following formula (Fedo et al., 1995):

PIA � [(Al2O3 − K2O)/ + (Al2O3 + CaOp + Na2O − K2O)]
× 100 (2)

The concentrations of REE were determined by inductively
coupled plasma-mass spectrometry (ICP-MS) at the Institute of
Geochemistry, Chinese Academy of Sciences. The preparation of
samples strictly comply with the pretreatment procedures of
Yang et al. (2007). Analytical uncertainties (relative standard
deviation) were less than ±1% for REE.

Heavy-mineral analyses were performed at the Hebei Central
Laboratory of Geology and Mineral Resources. Dried samples were
flushed in a washing pan for removing all impurities and then were
separated with bromoform (2.89 g/cm3) from a settling tube via
gravity. The types and volume of heavy-minerals were determined
by using the “area method” under a binocular microscope and a

polarizing microscope (Mange and Maurer, 1992). Given that the
experimental conditions and the representativeness of the samples,
we selected five representative samples for heavy minerals analysis
from each region of the Mu Us.

The analysis of grain-morphology was conducted by using Hitachi
Desktop Scanning Electron Microscope TM3000 at the School of
Geography and Tourism of Shaanxi Normal University. The
preparation of quartz grains strictly complies with the pretreatment
procedures of Pan et al. (2016). We selected fifteen to twenty quartz
grains from each sample randomly using a binocular microscope and
then was sprayed gold film for ensuring electrical conductivity in an
ion plating machine before testing. The surface micro-textures from
each studied grain were recognized and interpreted according to the
concepts of previous studies (Krinsley and Doornkamp, 1973).

RESULTS

Grain-Size Parameters
Figure 3 shows the parameters of the sediments in the Mu Us.
Here, the main grain size (Mz) for the Mu Us samples averaged
186.86 μm (2.42Φ), which is finer than sediments from the Hobq
Desert, which averaged 201.66 μm (2.31Φ). Most regions in the

FIGURE 2 | Locations of sand dune samples in the Ordos Deserts. Sand transport roses are calculated based on the descriptions of the wind environment
proposed by (Fryberger, 1979) with data from the U.S. National Climate Data Center (NCDC). Abbreviations: DP, drift potential; RDP, resultant drift potential; RDD,
resultant drift direction; RDP/DP, directional variability.

Frontiers in Earth Science | www.frontiersin.org July 2021 | Volume 9 | Article 7118024

Chen et al. Sediment Provenance of the Ordos Deserts

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Mu Us show moderate sorting, whereas the southwest region
shows better sorting (Figure 3). Similarly, the sorting of the Hobq
Desert samples includes two gradations: moderately sorted and
better sorted (Table 1).

Geochemical Elements
The spatial variation of all major and trace elements in the Mu Us
Sandy Land and the Hobq Desert are listed as supplementary

materials (Supplementary Figures S1, S2, and Appendix A). Key
features are described below.

Major Elements
Except for SiO2, the major elements of the bulk fractions are
depleted in the Mu Us and the Hobq Desert, compared to the
Upper Continental Crust (UCC) (Figure 4). What stands out in
Figure 4 is the markedly higher SiO2 content, but lower content
of Fe2O3, MgO, P2O5, TiO2, and MnO of the bulk fractions when
compared with the fine fractions of aeolian sands, indicating that
the bulk fractions have a higher amount of quartz and feldspar.
One prominent characteristic is that Ti in the fine sands is
enriched, which means that the Ti-bearing minerals (ilmenite,
rutile, and titanite) can be found in the Ordos Deserts.
Additionally, aeolian sands collected from the southwest

FIGURE 3 | Grain size parameters of sands in the Mu Us Sandy Land.

TABLE 1 | Grain-size parameters of sands in the Hobq Desert.

H1 H2 H3 H4 H5 H6 H7 H8

Mz 2.29 2.27 2.28 2.13 2.49 2.33 2.38 2.31
σI 0.56 0.50 0.40 0.48 0.51 0.45 0.50 0.49

FIGURE 4 | UCC-normalized diagrams of major elements. (A,B) are for bulk and fine fraction sands in the Mu Us Sandy Land, respectively. (C,D) are for bulk and
fine fraction sands in the Hobq Desert, respectively. UCC values from Taylor and McLennan (1985).
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region of the Mu Us have higher SiO2 but lower Al2O3, K2O,
Na2O, and P2O5 when compared with other areas (Figure 4).
According to the UCC-normalized diagram of major elements,
both bulk and fine fractions of aeolian sands from the Hobq
Desert are relatively uniform, whereas this trend is not found in
the Mu Us, as the southwest region differs from other parts of the
Mu Us (Figure 4).

Trace Elements
UCC-normalized plots of trace elements for various grain size
fractions are shown in Figure 5. Most trace elements of the bulk
fractions experience a varying degree of depletion, except for Co in
the Mu Us and Cr in the Hobq Desert. It must be noted, however,
that the elements Cr, Zr, and Hf are distinctly enriched in the fine
fractions, and the content of most trace elements in the fine fraction
sands are higher than in the bulk fractions. Notably, the distribution
patterns of fine sands are consistent both in theMuUs and theHobq
Desert (Figure 5).

Rare Earth Elements
The mean total REE contents for bulk aeolian sands of different
regions in the Mu Us varies from 61.8 to 96 ppm, and the fine
fractions range from180.4 to 270.5 ppm.The content of bulk fractions
and fine fractions in the southwest regions is distinctly lower than that
in other parts of the Mu Us. Furthermore, the total REE contents
varies from 53.4 to 80.9 ppm for bulk fractions and from 114.2 to
217.3 ppm for fine aeolian sands in the Hobq Desert (Appendix A).

The chondrite-normalized REE distribution patterns of both
samples from the Mu Us and the Hobq Desert are characterized

by steep light-REE (LREE) and smooth heavy-REE (HREE),
which is similar to UCC (Figure 6). Compared with bulk
aeolian sands, the Eu anomalies show more negative in the
fine fractions in both the Mu Us and the Hobq Desert. In
addition, Eu anomalies for bulk aeolian sands are not obvious
in other areas of the Mu Us except for the southwest (Figure 6).

Mineralogy
Figure 7 provides an overview of the composition of heavy
minerals, with significant differences in heavy minerals
existing across the Mu Us. Amphibole (24.9–38.4%) and
garnet (30.8–39.8%) are the dominant heavy minerals in most
areas of the Mu Us, except for the southwest. However, samples
from the southwest display significantly higher haematite and
limonite (average 18.1%), pyroxene (average 6.7%), and epidote
(average 2%) contents, and lower garnet content (average 25.3%)
(Figure 7).

Quartz Grain Morphology
The quartz grain morphologies of the Mu Us include micro-
textures produced by mechanical and chemical actions
(Figure 8). Previous studies of quartz grains from different
sedimentary environments concluded that butterfly-shaped
pits, pitted surfaces, and crescent-shaped pits are commonly
shown in aeolian environments, whereas V-shaped fractures,
conchoidal fractures, straight/curved grooves, and parallel
striations are characteristics of aqueous environments
(Mahaney, 2002; Vos et al., 2014). Quartz grains of all regions
in the Mu Us display butterfly-shaped (Figure 8B) and crescent-

FIGURE 5 | UCC-normalized distribution patterns of trace elements. (A,B) are for bulk and fine fraction sands in the Mu Us Sandy Land, respectively. (C,D) are for
bulk and fine fraction sands in the Hobq Desert, respectively. UCC values from Taylor and McLennan (1985).
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FIGURE 6 |Chondrite-normalized REE patterns for different fractions. (A,B) are for bulk and fine fraction sands in the Mu Us Sandy Land, respectively. (C,D) are for
bulk and fine fraction sands in the Hobq Desert, respectively. UCC values from Taylor and McLennan (1985).

FIGURE 7 | Heavy-mineral assemblages of the samples. The data of Hobq Desert and Ten great gullies from Pan et al. (2016).
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FIGURE 8 | Typical surface microstructures for quartz grains in the Mu Us Sandy Land. (A)Rounded grain from the southwest region of the Mu Us Sandy Land. (B)
rounded grain showing butterfly-shaped pits. (C) pitted surface. (D) crescent-shaped pits. (E) conchoidal fractures produced in the high-energy subaqueous
environment. (F) large V-shaped fractures with high relief indicates a typical subaqueous environment. (G) straight grooves. (H) curved grooves; (I) parallel striations. (J)
rounded grains with silica globules. (K) sub-angular grains showing silica flowers. (L) silica flowers. (M) angular grains with solution crevasses. (N) solution
crevasses founded around silica globule. (O) silicon compounds.
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shaped pits (Figure 8D) typical of aeolian environments, which
indicates that the sands had suffered intense aeolian activities. In
addition, pitted surfaces are found in some grains (Figure 8C).
However, some micro-textures such as conchoidal fractures
(Figure 8E), V-shaped pits (Figure 8F), straight/curved
grooves (Figures 8G,H), and parallel striations (Figure 8I) are
also found in the quartz grains, and are especially more
pronounced in samples from the southwest region, which
suggests that those sands may have been subjected originally
to an aqueous environment with intense collisions and frictions
between grains. Moreover, other structures, such as silica globules
on rounded grains (Figure 8J), silica flowers (Figures 8K,L),
solution crevasses (Figures 8M,N), and silicon compounds
(Figure 8O) are common, indicating noticeable chemical
processes.

DISCUSSIONS

Provenance Differences Over the Ordos
Deserts
Generally, the sands in downwind areas tend to be finer and more
well sorted than those in upwind areas, and this trend had been
validated in many deserts (Lancaster, 1989, 1995; Zhang et al.,
2015; Zhang and Dong, 2015). The mean grain size of dunes in
the Mu Us clearly shows a regional variation that tends to be finer
from the northwest to the southeast (Figure 3), which is
consistent with the compound direction of the regional wind
system (NW, WNW, Figure 2). However, the best-sorted sands
occur in the southwest region, which is located in the upwind
direction of the prevailing wind in the Mu Us (Figure 3). It is
evident that this trend is not in accord with the Mu Us, as no
systematic trend in the variation of sorting was found with
decreasing MZ, indicating that the spatial variation of sands in
the Mu Us cannot be viewed simplistically as a response to the
regional wind patterns. Generally, the distribution of grain size
over a large sand sea is primarily controlled by wind and the
characteristics of the source material (Livingstone et al., 1999).
Hence, we conclude that the sediments in the southwest area of
the Mu Us may have undergone long-term transportation, thus
showing a better sorting than in other areas, or to go a step
further, the provenance of sediments in the southwest area of the
Mu Us is likely to be different from other regions.

Mineralogical maturity is considered as a compositional state
of the clastic sedimentary body wherein quartz is dominant in its
resistant minerals, which can be used to ascertain sediment
sources (Muhs et al., 2013). Generally, mineralogical maturity
can be portrayed by Log (Na2O/K2O) vs. Log (SiO2/Al2O3)
presented by Pettijohn et al. (1972). As illustrated by Figure 9,
higher Log (SiO2/Al2O3) values of sands from the southwest
region indicate that more quartz and less feldspar existed in this
region. Hence, we infer that sands from the southwest region have
been subjected to long-distance transport, and their provenance
draws the most essential part in terms of their differentiation of
mineralogical maturity in theMuUs. Heavy-mineral assemblages
in fluvial deposits are controlled by source-rock lithology,
chemical weathering, and the sorting of detrital materials

(Garzanti et al., 2007; Garzanti et al., 2013a). However,
evidence indicates that sediments in the Mu Us have
undergone a low degree of chemical weathering (Figure 10).
Garzanti et al. (2012) found that although sorting may give rise to
the separation of heavy and light minerals during sediment
transport, it would not cover up information about the
provenance. According to our analysis of the heavy-mineral
assemblages, aeolian sediments in the Mu Us can be classified
into two groups (Figure 7). One group is the southwest region,
which is dominated by amphibole, garnet, hematite, and limonite,
and some pyroxenes, whereas the other group covers other areas
of the Mu Us, which are dominated by amphibole and garnet.
Therefore, the distinctive heavy-mineral assemblages between
these two groups manifest how the source-rock lithology plays
the most critical role in their different provenances. In addition,
the roundness of the quartz grain in the southwest region of the
upwind direction is significantly higher than that for other areas,
also indicating that the deposits from the southwest region may
have experienced a longer transport before being deposited
(Supplementary Figure S3).

Taken together, these results suggest that there is a distinct
difference of provenance between the southwest region and other
areas in the Mu Us, whereas the southwest region of the Mu Us
may have the same sources as the Hobq Desert.

Feasibility of Using Chemical Composition
to Determine Provenance
Although the geochemical composition of detrital sediments is
widely used for tracing the provenance and composition of
sediments, the chemical composition of clastic sediments is
the combined result of source-rock composition, the
weathering of the source area, sorting, and recycling (Fedo
et al., 1995; Perri et al., 2013). As an example, the clastic
sediments may not reflect the provenance directly due to the
depletion of the mobile elements (like alkali and alkaline Earth
metals) and the enrichment of non-mobile elements (such as
Al2O3, TiO2, REE) resulting from weathering processes (Nesbitt
et al., 1996). It is, hence, necessary to first evaluate whether the
effects of these factors have hidden potential provenance
signatures before identifying the provenance of the Ordos
Deserts as inferred from the geochemical composition.

The chemical index of alteration (CIA), proposed by Nesbitt
and Young (1982), is an ideal chemical indicator for estimating
the chemical weathering intensity of sediments. Generally, higher
weathering intensity tends to result in a larger CIA value of the
sediment (Taylor and McLennan, 1985). The range of CIA values
for the Mu Us is extremely narrow (45.03–53.89, average 50),
indicating that aeolian sands are in the initial stage of weathering
and have undergone a low degree of weathering (Figure 10A).
Also, the Plagioclase Index of Alteration (PIA) is an essential
chemical indicator to evaluate the chemical weathering intensity
(Fedo et al., 1995). The PIA values of the studied samples are
similar to those of the CIA, ranging from 43.2 to 55.87, which also
indicates a low degree of chemical weathering (Figure 10B).
Sediments from the Hobq Desert also show a low degree of
chemical weathering (Appendix A). In addition, the diagram of
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FIGURE 10 | Spatial patterns of CIA (A) and PIA (B) for sands in the Mu Us Sandy Land. Plots of MFW (Mafic-Felsic-Weathering) characterizing weathering trends
(C) and Al-Zr-Ti diagram (D) for sediments in the Ordos Deserts. M and F denote the mafic and felsic rocks source, respectively, whereas the W used to identify the
degree of weathering of these igneous rocks. Data of sandstone and lacustrine sediments in Mu Us and the Hobq Desert is from Liu and Yang (2018).

FIGURE 9 | Plots of mineralogical maturity for sediments in the Ordos Deserts. Data of sandstone and lacustrine sediments in Mu Us and the Hobq Desert is from
Liu and Yang (2018).
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mafic-felsic-weathering (MFW) can also evaluate the intensity
and tendency of weathering (Ohta and Arai, 2007). Compared
with the diagram of A-CN-K (where A � Al2O3, CN �
CaO*+Na2O, K � K2O), the MFW diagram is more sensitive
for characterizing the chemical weathering as a result of it being
defined by eight major elements. A linear compositional trend
extending from the M apex to the F apex can be defined by
igneous rocks ranging from felsic to mafic and ultramafic (Ohta
and Arai, 2007). The weathering trend of mafic rocks tends to be
closer to the M-W join, which is evidently different from the
weathering trend of felsic rocks that is extended from the F apex
to the W apex. Samples in the Ordos Deserts near the igneous
rock compositional trend (solid red line in Figure 10C) and close
to the F-W line (dotted blue line in Figure 10C), but far away
from W apex, indicate a low degree of chemical weathering, as
illustrated by the CIA and PIA values. Overall, therefore, the CIA,
PIA, and MFW values of the sediments from the Ordos Deserts
all indicate a low degree of chemical weathering, with the degree
of chemical weathering gradually increasing from north to south
in the Mu Us (Figure 10).

As a significant sedimentary process, the mechanical sorting of
grains occurs in the process of transport and deposition (Perri
et al., 2013). As suggested by Garcia et al. (1994), the ternary
diagram of Al2O3-TiO2-Zr can highlight the effects of sorting-
related fractionations due to Al, Ti and Zr are generally viewed as
the least mobile elements in the process of chemical weathering of
the major and trace elements, i.e., these elements show little or no
change when they are transported from the source areas to the
sedimentary areas. Generally, the ratios of TiO2/Zr or Al2O3/Zr of
mature sediments show a wide variation, contrary to the
immature sediments that exhibit a limited variation. We can
see that samples from the Ordos Deserts, especially fine fractions,
show a mixing trend toward the Zr apex, indicating that the effect
of sedimentary sorting and the increase in zircon results from
robust sedimentary recycling (Figure 10D).

It is acknowledged that mechanical sorting may cause the
separation of coarse and fine particles, and thus have an effect on
the chemical composition of clastic sediments in the process of
transport and deposition (Perri et al., 2013). However, evidence
shows that mechanical sorting in obscuring sediment provenance
is inefficient in fluvial and aeolian environments (Garzanti et al.,
2012). In addition, chemical weathering tends to break the source
rocks down to clays, which usually occurs in the source area
(Sawyer, 1986). Hence, we believe that chemical composition can
be used for provenance analysis in the Ordos Deserts since it is
rarely affected by the above factors.

Types of Main Source Rocks of the Aeolian
Sediments in the Ordos Deserts
Previous studies have illustrated that the chemical composition of
sedimentary rocks is closely connected to that of their source
regions (Fralick and Kronberg, 1997; Kalsbeek and Frei, 2010).
Therefore, many discrimination diagrams related to the major
and trace elements, and REE have been put forward to allow the
discrimination of the provenance of source rocks (Hayashi et al.,
1997).

According to the provenance discrimination diagram
proposed by Roser and Korsch (1988), the DF1 and DF2 were
calculated by the following equations:

DF1 � 36.6038 × TiO2/Al2O3 − 12.541 × Fe2O3/Al2O3 + 7.329
×MgO/Al2O3 + 12.031
×Na2O/Al2O3 + 35.402 × K2O/Al2O3 − 6.382

(3)

DF2 � 56.500 × TiO2/Al2O3 − 10.879 × Fe2O3/Al2O3 + 30.875
×MgO/Al2O3 − 5.404
×Na2O/Al2O3 + 11.112 × K2O/Al2O3 − 3.89

(4)

we conclude that the majority of aeolian sands from the Ordos
Deserts plotted in the field of felsic igneous, indicating that their
source rocks are mainly felsic igneous (Figure 11A). The elements
Ti and Zr show little or no change when they are transported from
the source areas to the sedimentary areas for they are generally
viewed as the least mobile elements in the process of chemical
weathering (Garcia et al., 1994). Therefore, the TiO2/Zr ratio can
reveal useful information on the chemical nature of parent rock. As
suggested by Hayashi et al. (1997), different source rock types,
i.e., felsic rocks, intermediate rocks and mafic rocks, can be
distinguished by the ratio of TiO2/Zr. The TiO2/Zr ratio in
felsic rocks is greater than 200, while in intermediate rocks is
between 55 and 200. A TiO2/Zr ratio less than 55 is suggestive of
felsic source rocks. Ratio of TiO2/Zr for bulk particle from the
Ordos Deserts tends to be less than 55, indicating they may
originate from a felsic provenance (Figure 11B). With further
analysis of the Zr to Hf ratio (Supplementary Figure S4), we
conclude that all samples from the Ordos Deserts (average 33) are
close to the ratio of the UCC (32.8), providing evidence for a crustal
origin of the zircons and further demonstrating a granitoid source
of the zircons in the Ordos Deserts (Batchelor and Bowden, 1985).
Furthermore, the trends of weathering and the composition of the
source rocks can also be determined by the triangular diagram of
A-CN-K and A-CNK-FM (Nesbitt and Young, 1984) where A �
Al2O3, CN � CaO*+Na2O, K � K2O, CNK � CaO*+Na2O+K2O,
and FM � Fe2O3 +MgO (all in mol%). All samples from the Ordos
Deserts when plotted in the A-CN-K diagram (in molecular
proportions) show that the weathering trend shown by our data
is obviously parallel to the A-CN join, but does not tend toward the
K apex (Figure 11C). It can be concluded that the sediments in the
Ordos Deserts have not been influenced by potash metasomatism
and they are in the early stage of Na and Ca removal. What stands
out in Figure 11C is that the intersection between the weathering
trend line and the feldspar line (Pl-Ks) appears in the field between
granite (G) and granodiorite (Gd), indicating the main source
rocks of sands in the Ordos Deserts are probably granite and
granodiorite (Hu and Yang, 2016). In the ternary diagram of
A-CNK-FM, all samples lie between granite (G) and
granodiorite (Gd) and cluster near the feldspar-FM joins, which
is commonly recognized as an igneous compositional linear trend
(Figure 11D). Therefore, these samples show a low degree of
weathering and an igneous source as illustrated by the ternary
diagram of A-CN-K, showing that aeolian sands in the Ordos
Deserts tend to have a felsic rocks source.
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Identification of the Provenance of the
Ordos Deserts
The Provenance of Aeolian Sands in the Southwest
Region of Mu Us and the Hobq Desert
As we discussed above, a series of geochemical diagrams show
that sediments in the Ordos Desert are mainly derived from felsic
rocks. Therefore, we can determine the provenance of these
sediments by comparing the relevant geochemical parameters
between the sediments of the Ordos Desert and its potential
source rocks.

Clastic sediments, as the source of Quaternary aeolian
depositions, are the result of a combination of multiple
processes, such as active tectonics, glacial erosion, fluvial
washout, chemical, and mechanical weathering, etc. They are
then transported, with the aid of wind or rivers (Harvey, 2012;
Lancaster et al., 2015). As clearly shown in Figure 1, the east,
north, and west of the Ordos Deserts are surrounded by the
Yellow River, and to the south, there is the CLP. The Langshan
Mountain is an offshoot of the Yinshan Mountain range.
Considering that the Helan Mountains and the Langshan
Mountain are located in the upwind areas of the Ordos
Deserts (Figure 2), we concluded that the Helan Mountains,

the LangshanMountain, and the sediments from the surrounding
Yellow River might contribute tremendous amounts of material
to the Ordos Deserts.

Although the Helan Mountains and the Langshan Mountain
are located in the upwind areas of the Mu Us Sandy Land, their
detritus could not be the source for the southwest of the Mu Us
because significant differences exist in the elemental composition
(Figure 12). It is clear that the samples from the southwest region
of the Mu Us did not concentrate in the field of its potential
source area, indicating the Helan Mountains and the Langshan
Mountain are not the source areas for the Ordos Deserts. Thus,
we conclude that the fluvial sediments from the upper Yellow
River may be the potential source of the southwest region of the
Mu Us for its unique geographic location (located in the upwind
direction of the Ordos Plateau). The evidence presented in
Figure 12 provides support for the above-mentioned
hypothesis. The geochemical characteristics of sediments from
the upper reach of Yellow River are similar to the samples from
the Hobq Desert and the southwest region of the Mu Us,
indicating that fluvial deposits from the upper reach of the
Yellow River are the primary sources for the Hobq Desert and
the southwest region of the Mu Us.

FIGURE 11 | Diagrams characterizing primitive source rock nature for the sediments in the Ordos Deserts. (A) DF1 vs. DF2. (B) Zr vs. TiO2 plot. The triangular
diagram of A-CN-K (C) and A-CNK-FM (D) for sediments in the Ordos Deserts. Gd and G represent granitoid and granite, respectively. The CIA values of fresh basalts,
granitoid and granite, loess, average shales, illites, montmorillonites, beidellites, and residual clays are from Taylor and McLennan (1985) and Nesbitt and Young (1982).
Data of sandstone and lacustrine sediments in Mu Us and the Hobq Desert is from Liu and Yang (2018).
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As the second-longest river in China, the Yellow River can be
divided into three reaches: the upper, middle, and lower reaches.
The upper reach of the Yellow River (from the headwater to
Toudaoguai) flows through the Northeastern Tibetan Plateau
(NTP), CLP, and the Inner Mongolia Plateau, which is
characterized by loose riverbed sediments (Figure 1). As the
last canyon in the upper reach of the Yellow River, the average
gradient of the reach above Qingtong Gorge is 0.001605, and vast
valleys and inter-mountainous basins are widely distributed in
this area. Therefore, rivers in this section produce tremendous
sediments and transport them downstream. In contrast, the
downstream of the Qingtong Gorge flows through two plains,
i.e., the Yinchuan Plain and the Hetao Plain, characterized by an
average gradient of 0.000159 (Wang et al., 2012). Large quantities
of deposits from the upper reaches of the Qingtong Gorge and
upwind deserts near the Yellow River cause the Ningxia-Inner
Mongolian section to appear as a “hanging river”. Studies
illustrated that the total accumulated sediments of the
Ningxia-Inner Mongolian section were about 20.1×108 t during
the period 1954–2000, which supplies abundant material for
aeolian activities in the surrounding area (Ta et al., 2003).
Hence, the detrital deposits brought from the Yellow River
and then deposited in the reach of Ningxia-Inner Mongolian
are probably the immediate material source of the Hobq Desert
and the southwest region of the Mu Us.

According to previous studies, the sediment feeding the Ningxia-
Inner Mongolian section originates from three major sources: the
UBD, the Hobq Desert, and the tributaries between Lanzhou and
Toudaoguai (the Huangshui, Daxia, Tao, Zuli, and Qinshui Rivers).
Among these three major sources, the contribution from the
tributaries in the upstream basin is the largest (Ta et al., 2003; Ta
et al., 2008; Liu, 2015). As discussed earlier, the UBD, which was
blocked by the Helan Mountains, could not provide material for the
southwest region of the Mu Us, and new evidence of heavy mineral
assemblages in the UBD (Zhang et al., 2020) shows differences with
what was found in the Mu Us (Figure 7). The tributaries between
Lanzhou and Toudaoguai belong to theQilianOrogenic Belt and the
western Qinling Orogenic Belt according to the geotectonic units of
China (Figure 1). Thus, it can be concluded that the detrital deposits
from these belts may be source areas for sediments of the reach
between Lanzhou and Toudaoguai. However, when geochemical
comparisons between the sediments from the Ordos Deserts and the
felsic rocks of the potential source areas are conducted, an
overlapped field was only found among the Hobq Desert, the
southwest region of Mu Us, and the Qilian Orogenic Belt
(Figure 13). Therefore, we conclud that the original source area
is likely to be the Qilian Orogenic Belt.

The heavy mineral assemblages of the Hobq Desert and the
southwest region of theMu Us is consistent with that in the upper
reach of the Yellow River (Pan et al., 2016), which further

FIGURE 12 | Bivariate diagrams of geochemical elements ratios of samples between the Ordos Deserts and their potential source areas. Data from other potential
areas including those from the Helan Mountains (Dan et al., 2014; Li W. et al., 2017), the LangshanMountain (Wang et al., 2017;Wang et al., 2018), the Yellow River (data
from Rao et al., 2011b; Liu et al., 2013; Pang et al., 2018). Data of sandstone and lacustrine sediments in Mu Us and the Hobq Desert is from Liu and Yang (2018).
Abbreviations: HLM, the Helan Mountains; LSM, the Langshan Mountain; YR, the Yellow River.
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corroborates the previous views that there is a genetic lineage
between the sediments transported from the NTP via the Yellow
River and aeolian sediments in the southwest of the Mu Us
(Stevens et al., 2013; Nie et al., 2015). The latest published data of
heavy mineral assemblages in the southwest of the Mu Us has
revealed that the Yellow River is a potential source for this region,
which is exactly matched with the results of this article (Wang
et al., 2019). Also, the quartz grains in the upper Yellow River
displays typical aqueous characteristics such as V-shaped
fractures and conchoidal fractures (Pan et al., 2016). Such
characteristics resulting from the action of aqueous processes
are also found in the southwest region of the Mu Us
(Supplementary Figure S3), but the edges of these features
tend to be smooth, indicating that the sand has been affected
by aeolian activities after being transported to the sedimentary
area by fluvial processes (Figure 8). Together, these results
provide overwhelming evidence to conclude that the detrital
sediments brought by the Yellow River from the NTP provide
the sediments for the Hobq Desert and the southwest region of
the Mu Us.

Our interpretation of the sediment source is also strongly
supported by previous studies of detrital zircons from the Ordos
Deserts. Stevens et al. (2013) and Nie et al. (2015) suggested that
the U-Pb ages of detrital zircons from the NTP closely matched
those from the western Mu Us (referred to as the southwest
region in this article), indicating that substantial amounts of
sediments were eroded from the NTP and, carried by the upper
Yellow River, and then stored in the western Mu Us desert.

The Provenance of Aeolian Sands in Other
Areas of the Mu Us
In the 1950s, Petrov (1959) suggested that the mineral
characteristics of aeolian sands in the Mu Us inherited the
nature of bedrock. That is, the potential source of the Mu Us is
its underlying sandstone. However, this conclusion was based on
samples from areas other than the southwest of the Mu Us. Zhu
et al. (1980) and Wang (2013) also confirmed such conclusion
through evidence from sedimentology and geomorphology. In
recent years, some studies have confirmed multiple sources
areas of the Mu Us by using diverse technologies, which are
either from local sediments (Stevens et al., 2013; Liu and Yang,
2018; Wang et al., 2019) or from exterior sediments (Nie et al.,
2015; Zhang et al., 2016; Hällberg et al., 2020), or both (Rao et al.,
2011a; Rao et al., 2011b). The bedrocks of Cretaceous and Jurassic
and lacustrine landforms are widely distributed in the central and
western parts of the Mu Us (Wen et al., 2018), which may provide
substantial detrital sediments for local aeolian activities (Zhu et al.,
1980). Overlapped fields are found among the sandstone and
lacustrine sediments, and the bulk and fine aeolian sands of
other areas in the Mu Us (Figure 14), illustrating that the
bedrock and lacustrine sediments are important potential sources.

Furthermore, the combined actions of tectonic activities, frost
weathering, fluvial comminution, and glacial abrasion have occurred
in the Gobi Altay Mts and the AP may provide vast amounts of
detrital material for downwind areas, i.e., the CLP (Sun, 2002). The
comparisons of elemental ratios of fine sands between the Alxa

Deserts and other areas of theMuUs reveals more or less overlapped
fields among them, whereas the fine sands of the Taklimakan Desert
show no overlapped fields at all (Figure 14). Although the
contribution of the Altay Mountains and the Mongolian Gobi is
relatively small, it is one of the significant sources for the BJD (Hu
and Yang, 2016). Therefore, we can conclude that the Alxa Deserts
may also be a potential source of other areas of the Mu Us, which is
supported by previous studies (Zhang et al., 2016; Sun et al., 2018;
Hällberg et al., 2020).

The Link Between the Ordos Plateau and Its
Surrounding Areas
As the longest and most continuous dust archive known, the CLP
is an ideal and critical area for understanding the wind circulation
patterns in East Asia. However, substantial issues, especially the
source areas and transport pathways, remain controversial. Due
to the wide extend of sandy deserts, mountain belts, and playas
that lie to the north and northwest of the CLP, these areas are
considered as the original dust sources of the CLP (Sun, 2002; Sun
et al., 2007; Che and Li, 2013; Bird et al., 2020). Investigations into
these areas have used various methods, including zircon U-Pb,
isotopes, magnetic susceptibility, major and trace element
chemistry, and heavy-mineral assemblage analysis, with each
of these techniques providing different interpretations for the
dust sources of the CLP. For example, the Ordos Plateau and its
upwind areas, including the BJD, the TD, and the UBD, are
located in the arid areas in the north of China, and their materials
are considered to be the crucial sources of loess on the CLP (Che
and Li, 2013; Zhang et al., 2016; Sun et al., 2018). However, some
studies have suggested that dust from the northwestern inland
basins, such as the Junggar Basin, the Tarim Basin, and the
Qaidam Basin, are important dust sources for the CLP (Liu et al.,
1994; Pullen et al., 2011). In addition, the north Tibetan Plateau
also supplies substantial materials to the CLP through westerly
winds, and by the Yellow River as outlined in other studies
(Stevens et al., 2013; Nie et al., 2015). Therefore, we can see
that the difference and diversity of provenance in the CLP implies
a far more complex relationship between the Ordos Plateau and
the CLP than previously envisioned.

The Ordos Deserts (the Mu Us Sandy Land and the Hobq
Desert) and the AlxaDeserts (the BJD, the TD, and the UBD) are the
proximal areas upwind of the CLP (Figure 1). The latest
geochemical data has demonstrated that Qilian Mountains of the
NTP contributes more to the BJD than the AP, but this does not
exclude that the AP is not the provenance area of the BJD (Hu and
Yang, 2016), since Che and Li (2013) proposed that the zircons in the
Alxa arid lands are mixture of those from NTP and Gobi Altay
Mountains, and are better matched with zircons from the CLP. In
addition, Liu et al. (2017) suggested that Alxa arid lands and the Mu
Us desert were the dominant dust sources of the CLP during
interglacial and interstadial warm stages, and this has been
confirmed by additional studies (Sun et al., 2018; Zhang et al.,
2018; Fan et al., 2019; Hällberg et al., 2020). As a consequence, our
findings that the AP may be a potential source for the Mu Us is
credible. It can therefore be seen from the complexity of the loess
provenances that the identification of aeolian sediment provenances
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FIGURE 14 | Bivariate diagrams of geochemical elements ratios of samples from other areas of the Mu Us Sandy Land and their potential source areas. Data from
other studies include those from the eastern Mu Us, sandstone, and lacustrine sediments of the Mu Us (Rao et al., 2011b; Liu and Yang, 2018), the sands of Taklimakan
Desert and Alxa Deserts (Hu and Yang, 2016; Jiang and Yang, 2019).

FIGURE 13 | Bivariate diagrams of geochemical elements ratios of samples between the Ordos Deserts and their potential source areas. Data from other potential
source areas including those from the Qilian Orogenic Belt (Wu et al., 2010; Tung et al., 2013; Li J. et al., 2017), the western Qinling Orogenic Belt (Zhang et al., 2007; Xin,
2014). Data of sandstone and lacustrine sediments in Mu Us and the Hobq Desert is from Liu and Yang (2018). Abbreviations: QL, the Qilian Orogenic Belt; WQ, the
western Qinling Orogenic Belt.

Frontiers in Earth Science | www.frontiersin.org July 2021 | Volume 9 | Article 71180215

Chen et al. Sediment Provenance of the Ordos Deserts

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


in arid and semi-arid areas of China needs a variety of
comprehensive analytical methods.

Sedimentary Process
Generally, wind is considered as the significant transport agent that
contributes to the accumulation of sand in arid areas, whereas fluvial
processes often play a substantial role in presorting and concentrating
the products of weathering before aeolian transport takes place (Pye
and Tsoar, 2009). Go to a step further, sediment transport are usually
the combined results of fluvial-aeolian systems in some inland sand
seas, such as theGreat SandDunes of Colorado (Pye andTsoar, 2009),
the Namib Sand Sea (Garzanti et al., 2012), the Wahiba Sand Sea
(Garzanti et al., 2013b), the Taklamakan Desert (Jiang and Yang,
2019), the Badain Jaran Desert (Hu and Yang, 2016), the Kumtagh
Sand sea (Liang et al., 2020), etc. The weathering products were
denudated from the NTP and then undergone long-distance fluvial
transport by the Yellow River. These detrital sediments deposited in
the southwest region of theMuUs Sandy Land and then reworked by
the aeolian activities, which shows better sorting, higher mineralogical
maturity, and typical quartz grains characteristics in aqueous
environments (Figures 3, 8, 9, Figure 8 and Figure 9). In addition,
the weathering products from Altay Mountains and the Mongolian
Gobi were transported by fluvial processes and reworked by wind and
then deposited in other regions of the Mu Us Sandy Land through
westerly winds. It is evident that the role of the fluvial system is
significant and must be taken seriously for it may exert considerable
control on sediment transport in a sand sea.

CONCLUSIONS

We have systematically collected aeolian sediments from Ordos
Deserts, to characterize their textural, mineralogical,
geochemical, sedimentological signatures and to discriminate
their potential sources. The main conclusions are as follows:

1) Provenance differences exist between the southwest region
of the Mu Us Sandy Land and other areas. The evidence obtained
by other methods also support this conclusion, i.e., the heavy-
mineral assemblages and mineralogical maturity, the content of
major, trace, and REE elements, the surface micro-textures of
quartz grains of southwest region in the Mu Us Sandy Land and
the Hobq Desert shows similarity, but their characteristics are
obviously different from other regions of the Mu Us.

2) Based on low values of CIA and PIA, as well as MFW
diagrams, aeolian sediments from the Ordos Plateau have
experienced a low degree of chemical weathering in the source
area. The source of aeolian sands in the Ordos Deserts tend to

have felsic igneous rocks detected by a series of diagrams, such as
DF1 vs. DF2 diagram, Zr vs. TiO2, as well as A-CN-K and
A-CNK-FM diagrams.

3) By comparing to geochemical elements of felsic rocks in
potential source areas, it is found that aeolian sands from the
Hobq Desert and southwest regions of the Mu Us are mainly
originated from fluvial sediments denuded from the NTP and
deposited in the section of Ningxia-Inner Mongolian of the
Yellow River, whereas aeolian sands from other areas of the
Mu Us are a mixture of binary provenance, with one sourced
from local lacustrine sediments and underlying sandstones,
and another from the AP via northwesterly Asian winter
monsoon.

4) Fluvial action often plays a significant role in the process of
sediment transport and supply for sand seas, and sometimes even
plays a decisive role. Therefore, for understanding modern sand
seas formation and evolution, we must take the role of fluvial
processes seriously.
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