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Abstract Sediment provenance is a key issue in understanding the aeolian system of the Taklamakan
Desert, an important source of global dust and the largest sand sea in the midlatitudes worldwide. In
provenance research, it may be amistake to assume that the sand and dust fractions of desert sediments have
the same source, which has been the case in previous studies of the Taklamakan Desert. The aims of the
present study were to identify the provenance of the sand and dust fractions of the sediments of the
Taklamakan Desert, to determine the contemporary sediment supply mechanisms of the desert, and to
assess the relative importance of silt‐producing mechanisms for the desert dust. We analyzed the grain size
of desert sediment samples and measured the content of major, trace, and rare earth elements within the
bulk samples, sand fractions (>63 μm), and dust fractions (<63 μm). Our grain size and geochemical data
sets suggest that the Kunlun Mountains are the main source of the sand fraction, whereas both the Kunlun
and Tian Shan Mountains are the main sources of the dust fraction. Our interpretation is supported by the
elevation gradient within the Taklamakan Desert and by wind data.

1. Introduction

Determining sediment provenance is indispensable for assessing the state of an aeolian system (Kocurek &
Lancaster, 1999; Muhs et al., 2017), and it provides basic information for studies of the sedimentology, geo-
morphology, and climatology of deserts. Knowledge of the environmental evolution of arid and semiarid
areas is important for sustainable development, and it has been a major research topic during the past few
decades (Lancaster, 1995; Lancaster et al., 2016; Thomas, 2013; Wang et al., 2012; Yang & Eitel, 2016).
The precise significance of sedimentary records for environmental evolution cannot be fully determined
without knowledge of sediment provenance (Muhs et al., 2017; Thomas, 2013). Furthermore, the identifica-
tion of different source‐sink linkages for sandy sediments could lead to very different interpretations of
regional sedimentary sequences (Hu & Yang, 2016). For example, the sand in desert marginal sequences
may indicate a humid environment with direct sediment input from sandy alluvium and colluvium eroded
from the uplands (Williams, 2015), whereas sands in the interior of deserts may indicate an arid environ-
ment with aeolian sediment input from desert dunes (Yang, Preusser, et al., 2006). Relatively little research
has been done on modern sediment provenance in dryland areas, compared with Quaternary aeolian
sequences (Thomas, 2013). Lancaster (2013) emphasizes that the provenance of desert sediments is a key
issue in current aeolian research. And Muhs (2017) pointed out that more research should be undertaken
on the topic, despite many challenges of determining sediment provenance in a dune field.

Desert sediments are mainly composed of sand and dust (silt and clay) particles, with the sand/silt boundary
being widely defined at 63 μm (Bullard & Livingstone, 2009; Goudie & Middleton, 2006). The sand and dust
fractions of aeolian desert sediments exhibit fundamentally different behavior: sand is transported predomi-
nantly by saltation over short distances (a few centimeters to meters in once hop) and close to the surface
(~3 m), whereas dust moves mainly in suspension and can be transported over considerable distances (kilo-
meters to thousands of kilometers) and across a large altitudinal range (Bullard & Livingstone, 2009;
Nickling & Neuman, 2009; Pye, 1987). In provenance research, the sand fraction, which comprises a large
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proportion of sediments within the deserts, is important for understanding regional surface processes and
local climatic and environmental evolution. The dust fraction interacts with the cycles of water, carbon,
and energy and has a global significance by participating in a wide range of physical, chemical, and
biogeological processes, such as the scattering of solar radiation, changing cloud properties, and affecting
ocean biogeochemistry via its iron content (Goudie & Middleton, 2006; Jickells et al., 2005; Shao et al.,
2011). However, because the dust fraction sometimes comprises only a small proportion of desert
sediments, less attention has been paid to determining its provenance. In fact, many studies have
assumed that both the sand and dust fractions have the same provenance, which has resulted in
misinterpretations (Laceby et al., 2017). For example, Chen et al. (2007) showed that the <75‐μm and
<5‐μm fractions of Chinese desert sediments have different Nd and Sr isotopic compositions. The
consideration of whether different grain size fractions originated from separate source areas is crucial for
resolving conflicts in the interpretation of the provenance of desert sediments. In addition, the scientific
community is also discovering more and more that techniques commonly used to identify sediment
source areas (not only for aeolian sediment or desert settings in particular, but anywhere) often turn out
to be grain size dependent (Laceby et al., 2017), for example, mineralogy (Garzanti et al., 2009) and Nd‐Sr
isotopic composition (Jonell et al., 2018). The grain size dependence of these techniques also should be
considered in resolving conflicts in the interpretation of sediment provenance.

The Taklamakan Desert (Figure 1) is an important source of global dust (Williams, 2014) and hosts the lar-
gest sand sea (~330,000 km2 in area) in the midlatitudes (Goudie, 2013). Thus, sediment provenance of the
desert is a key issue in understanding its aeolian system. The Taklamakan Desert is typical of deserts located
in enclosed basins (which differs from the situation in tectonically stable desert regions in Africa, Australia,
and the Arabian Peninsula; Lancaster, 1995), and of deserts located in rain shadow zones in midlatitudes
(Goudie, 2002). Several studies have attempted to determine sediment sources of the Taklamakan Desert
(Chang et al., 2000; Hattori et al., 2003; Honda & Shimizu, 1998; Rao et al., 2015; Rittner et al., 2016;
Yang et al., 2007; Zhu et al., 1981). Although many valuable conclusions have been presented, there are still
conflicting interpretations, mainly concerning the uniformity of the desert sediments, and the nature of the
sediment contributions of the surrounding mountains. For example, Zhu et al. (1981) argued for a local ori-
gin of the sediments in all areas of the desert, based on heavy mineral assemblages. In addition, several stu-
dies have concluded from geochemical data that the aeolian sediments of the entire desert are homogeneous
(Chang et al., 2000; Hattori et al., 2003; Honda & Shimizu, 1998). Rao et al. (2015) emphasized the contribu-
tion of the Tian Shan Mountains (Figure 1) in supplying sediment to the aeolian system of the desert, based
on Nd‐Sr isotopic composition. Rittner et al. (2016) argued that the Kunlun Mountains (Figure 1) are the
main source of the desert sediments, based mainly on detrital zircon U‐Pb ages and mineralogy. These con-
trasting interpretations can be attributed to specific grain size fractions having different source rocks (Laceby

Figure 1. Map of the Tarim Basin (consisting of the Taklamakan Desert and the adjacent mountains), including sample
locations and sand roses with capacity of drifting for the 145‐μm mean grain size population. RDD, resultant drift direc-
tion; VU, vector unit; Arm, proportional in length to amount of drifting sand from a given direction toward the white
center circle; see Table 1 and section 3.3 for more details of sand roses.
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et al., 2017). Yang et al. (2007) demonstrated the homogeneity of the fine fraction (<53 μm) and the signifi-
cant differentiation of the coarse fractions (>250 μm) for the entire desert. This study suggested the possible
usefulness of a grain‐size‐based approach for resolving a series of interpretational problems. Notably, this
type of approach has seldom been used for studying the modern sediment supply mechanisms of the
Taklamakan Desert. In addition, the importance of the Taklamakan Desert as a major dust source for the
Chinese Loess Plateau has been controversial (Maher, 2016; Nie et al., 2015, 2018). In the present study,
we address both issues: the modern sediment supply mechanisms of the Taklamakan Desert and the relative
importance of silt‐producing mechanisms for the desert dust.

Various techniques have been used to trace provenance of desert sediment. These include sediment
composition using major, trace, and rare earth elements (REE; Chang et al., 2000; Honda & Shimizu,
1998; Hu & Yang, 2016; Liu & Yang, 2013, 2018; McLennan et al., 1993; Muhs, Bettis, et al., 2008; Muhs,
Budahn, et al., 2008; Muhs et al., 2017; Muhs, 2017; Yang et al., 2007), isotopic composition (Chang et al.,
2000; Hattori et al., 2003; McLennan et al., 1993; Rao et al., 2015), mineralogy (Honda & Shimizu, 1998;
Lancaster et al., 2015; Muhs, Bettis, et al., 2008; Muhs, Budahn, et al., 2008; Muhs et al., 2017; Muhs,
2017; Rittner et al., 2016; Zhu et al., 1981), detrital zircon U‐Pb ages (McLennan et al., 1993; Rittner et al.,
2016), and grain size analysis (Honda & Shimizu, 1998; Lancaster et al., 2015; Langford et al., 2016; Muhs,
Budahn, et al., 2008; Weltje & Prins, 2007). We collected a series of sediment samples along a north‐south
transect across the sand sea of the Taklamakan Desert for the measurement of the major, trace, and REE
composition of the sand (>63 μm) and dust (<63 μm) fractions, with the aim of determining their respective
provenances and to understand the modern supply mechanisms of the desert.

2. Regional Setting

The Tarim Basin, located in the center of the Eurasian Plate, is fringed by the Tian Shan Mountains, the
Kunlun Mountains, and the Altun Mountains to the north, south, and southeast, respectively (Figure 1).
The mountain ranges are >4.000 m a.s.l. (above sea level) and the basin floor elevation varies from approxi-
mately 780 to 1,500 m a.s.l. The Taklamakan Desert (~330,000 km2 in area), ~500 km in width, and ~1,100
km in length, occupies the basin and is a sink for the sediment eroded from the surrounding mountains. The
aridification of the basin and the formation of the Taklamakan Desert have resulted from the extreme dis-
tance to oceanic moisture sources and the development of topography which functioned as barriers to moist-
ure transport (Goudie, 2002; Yang & Eitel, 2016; Zhu et al., 1981). The southwestern part of the basin is
higher than the northeast; the lowest point of the basin, in the east, contains the former Lop Nor Lake
(Zhu et al., 1981).

Some 85% of the Taklamakan Desert is occupied by active dunes, which cover an area of ~280,000 km2 and
comprise the largest sand sea in themidlatitudes of the Northern Hemisphere (Yang & Eitel, 2016; Zhu et al.,
1981). The desert contains various types of dunes, some of which are more than 100‐m high (Goudie, 2013;
Zhu et al., 1981). The sediment budget of the desert is very positive (Goudie, 2013; Kao et al., 2001). This is
due largely to the high degree of erosion, including both fluvial and glacial erosion in the surroundingmoun-
tains, in turn resulting from high relief, due to the rapid rate of uplift and the very large height difference
(Goudie, 2013; Yang & Eitel, 2016). Water in the desert is mainly supplied by rivers originating from the sur-
rounding mountains (Zhu et al., 1981).

In a tectonic framework, the Cenozoic Tarim Basin subsiding is linked to the overthrusting by the Tian Shan
Mountains and the Kunlun‐Altun Mountains in the north and the south of the basin, respectively (Allen
et al., 1999; Jiang et al., 2004). According to the Atlas of Chinese geology (Ma et al., 2002), the basement rocks
of the surrounding mountains are composed of granitic rocks from Proterozoic to Cretaceous ages and sedi-
mentary rocks (chiefly limestone, shale, and sandstone) from Precambrian to Quaternary ages. Most of the
Precambrian rocks in the surrounding mountains have been metamorphosed, and the area of unmeta-
morphic strata in the Tianshan Mountains is larger than that in the southern mountains (Ma et al., 2002).
In addition, magmatic rocks of the Tianshan Mountains are mainly calc‐alkaline series characterized by
higher concentrations of CaO in relation to alkalines in comparison with alkaline igneous rocks, while those
of the Kunlun Mountains and Altun Mountains are mainly alkaline series (Ma et al., 2002).

There are several drainage systems in the Tarim Basin (Yang, Liu, et al., 2006; Yu et al., 2016). Previously,
nine drainage systems flowed into the mainstream of the Tarim River, the principal river in the basin
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(Yang, Liu, et al., 2006; Yu et al., 2016); however, today only three drainage systems (the Aksu, Hotan, and
Yarkant rivers) feed the main Tarim River. Currently, the Aksu River, which originates in the Tian Shan
Mountains, contributes >70% of the total replenishment of the modern Tarim River (Ye et al., 2014). The
runoff volumes of the rivers in the Tarim Basin are distinctly seasonal and vary positively with their
sediment loads (Ye et al., 2014). In the flood season (June–September), ~75% of the annual runoff for the
Tarim River carried ~95% of the annual sediment load (~25 × 106 tons), according to data from the Alar
hydrological station (Ye et al., 2014). Infiltration and evaporation promote sediment deposition along the
river channel (Langford, 1989). The fluvial channels are relatively mobile, which is a distinguishing
feature of the entire fluvial system of the basin, because of the flat topography, channel aggradation, and
abrupt fluctuations in runoff (Langford, 1989). Thus, the main channel of the Tarim River has a
maximum width of 1–2 km, but the maximum width of the potential floodplain is ~100 km (Zhu et al.,
1981). In the dry season, low river levels enable the floodplains to dry out, and the fluvial sediments are
reworked by wind and are potentially supplied to the aeolian system (Langford, 1989).

The wind direction in the Tarim Basin is mainly controlled by topography (Gao & Washington, 2009;
Goudie, 2013), and sand roses of data from meteorological stations (Figure 1) show that sand transport by
wind is funneled from north to south. The modern Taklamakan Desert is geomorphologically active and
there is sufficient wind energy to mobilize sediment; furthermore, it is one of the dustiest places on Earth,
with the frequency of dust storms exceeding 50 days/year and the maximum yearly frequency of dust
weather reaching >260 days/year (Maher, 2016; Qian et al., 2002). In contrast, using the Fryberger and
Dean (1979) method, measured values of DP (drift potential) and RDP (resultant drift potential) are rela-
tively low and indicate a low degree of drift potential for sand particles by wind (Table 1). It should be noted,
however, that the apparent low DP is explained by the fact that the stations are located in artificial oases,
surrounded by vegetation belts (Figure 1; Bruelheide et al., 2003; Okin, 2013).

3. Materials and Methods
3.1. Sampling

We hypothesized that sediment provenance in the Taklamakan Desert is likely to be a function of the nearly
south‐north orientation of the rivers and wind flows, and the east‐west orientation of the surrounding
mountain ranges (Figure 1). Therefore, we collected 30 samples along a south‐north transect within the
Tarim Basin, including 27 dune sediment samples and 3 fluvial sediment samples (Figure 1). The 27 aeolian
dune sediment samples (from 0‐ to 5‐cm depth and ~500 g in weight) were collected from the surface of
active dune ridges during periods of minimal wind speed when there was no dust movement. Twenty‐six
desert sands (DS) samples were taken within the sand sea of the desert, and one TN sample from a dune

Table 1
Sand Transport Potentials of Meteorological Stations in and Around the Taklamakan Desert, Calculated Following Fryberger and Dean (1979), Based on the Average
Annual Wind Energy Enabling Transport of Two Sand Populations (Mz = 300; 145 μm, Respectively)

Mz = 300 μm Mz = 145 μm

Station Name Latitude (°) Longitude (°) Elevation (m) DP RDP RDP/DP RDD DP RDP RDP/DP RDD

Alar 40.500 81.050 1013 9 7 0.74 185 27 17 0.63 191
Bachu 39.800 78.566 1117 8 6 0.86 220 26 19 0.73 218
Hotan 37.133 79.933 1375 2 1 0.84 92 14 8 0.59 91
Kashi 39.542 76.019 1380 92 87 0.94 143 166 146 0.88 144
Korla 41.733 85.816 903 46 43 0.94 226 108 93 0.87 228
Kuqa 41.716 82.950 1100 11 7 0.60 185 33 14 0.44 190
Pishan 37.616 78.283 1376 1 1 0.96 117 10 7 0.66 120
Ruoqiang 39.033 88.166 889 75 61 0.82 242 146 109 0.74 240
Shache 38.433 77.266 1232 6 5 0.97 126 17 14 0.82 131
Tazhong 39.000 83.666 1099 41 27 0.67 221 103 66 0.64 227
Tikanlik 40.633 87.700 847 49 46 0.95 253 96 85 0.88 255

Note. The wind energy for sand transport in desert environments is classified as follows: low energy, DP <200 VU; intermediate energy, DP 200–399 VU; high
energy, DP >400 VU. Mz, mean grain size; DP, drift potential and is numerically expressed in vector unit (VU); RDP, resultant drift potential; RDP/DP, direc-
tional variability of the wind; RDD, resultant drift direction, listed as compass directions in degrees.

10.1029/2018JF004990Journal of Geophysical Research: Earth Surface

JIANG AND YANG 1220



at the north side of the Tarim River. Most of the samples were collected along the highway from Minfeng to
Luntai. All fluvial sediment samples (0‐ to 5‐cm depth and ~1,000 g in weight) were collected from sand rip-
ples of the surface of the valley floor, including twoNR samples from the Niya River and one TR sample from
the Tarim River. The sediments of the Niya River are mainly derived from the Kunlun Mountains and the
sediments on the north side of the Tarim River mainly from the Tian ShanMountains. We assume that sam-
ples NR01 and NR02 provide signatures of the Kunlun Mountains and that samples TR01 and TN01 provide
signatures of the Tian Shan Mountains.

3.2. Grain Size Analysis and Sample Fractionation

Samples were oven‐dried, and then 100 g of each sample were sieved for 20 min using sieves of 0.25φ inter-
vals [φ = − log2 (grain diameter in mm)], with a shaking machine (Retsch AS200). Subsamples were
weighed with an accuracy of 1 mg. All samples were separated into sand (>63 μm) and dust (<63 μm) frac-
tions using a 63‐μm mesh sieve. Grain size parameters (including mean, standard deviation, skewness, and
kurtosis) were calculated using GRADISTAT (Blott & Pye, 2001), following Folk andWard (1957). Sediment
is generally the product of several processes, and thus the grain size distribution (GSD) often comprises more
than one population (McTainsh et al., 2013). Parametric curve‐fitting procedures can be used to decompose a
GSD into genetically significant GSD populations, such as the end‐member mixing analysis (EMMA) model
of Weltje and Prins (2007), which has been implemented in MATLAB (Paterson & Heslop, 2015). The model
was used successfully by Langford et al. (2016) to identify aeolian sediment provenance. Thus, the EMMA of
grain size data was performed following Paterson and Heslop (2015), to obtain genetically meaningful inter-
pretations of different grain size populations (Langford et al., 2016; Weltje & Prins, 2007).

3.3. Calculation of Sand Drift Potential

Sand drift potential was calculated from wind data obtained from the U.S. National Climatic Data Center
during 1983–2012 from 10 meteorological stations on the periphery of the Taklamakan Desert and during
2003–2012 from the Tazhong meteorological station in the center of the desert (Figure 1). DP, RDP, RDD,
and RDP/DP for all stations were calculated, using the method of Fryberger and Dean (1979), but with dif-
ferent values of the threshold wind velocity which were extrapolated to 10‐m height (Vt(10m)). Vt(10m) of the
300‐μm mean grain size population is 596 cm/s (Fryberger & Dean, 1979), and Vt(10m) of the 145‐μm mean
grain size population is 385 cm/s. Vt(10m) of the 145‐μmmean grain size population was obtained using data
from Bagnold (1941) and Belly (1964) and calculated following Fryberger and Dean (1979). The equation is

Vt 10mð Þ ¼ 5:75Vt
* log Z

Z′
þ Vt

′ (Fryberger & Dean, 1979), where Vt
*, Z, Z′, and Vt′ are 11.25 cm/s, 970 cm,

0.381 cm, and 164.592 cm/s, respectively (Bagnold, 1941; Belly, 1964).

3.4. Geochemical Analysis

The calcium carbonate content of the bulk and the two separated fractions were measured using the gaso-
metric method. Dilute HCl (10%) was added to the samples and the volume of CO2 released in a closed sys-
tem under constant temperature, pressure, and with the absence of other gases, then measured with a
volumetric calcimeter (Eijkelkamp). The measurement errors are 3 g/kg for carbonate content <50 and
6 g/kg for carbonate content in the range of 50–150 g/kg, 9 g/kg for carbonate content in the range of
150–180 g/kg, and less than ±5% of the average of two measured results for carbonate content >180 g/kg.
The results (in mol/100 g) are listed in the supporting information.

The bulk and separated samples were also used for geochemical analysis. Samples were finely ground in an
agate mortar grinder (Retsch RM200) and then used for measurements of major, trace, and REE. Major ele-
ment contents of all powder samples were measured using an X‐ray fluorescence spectrometer (XRF),
PANalytical AXIOS, at the Institute of Geology and Geophysics, Chinese Academy of Sciences. The values
are expressed as weight percentages (wt %). Loss‐on‐ignition (LOI) was determined by weighing samples
after heating at 1000 °C for 1 hr. Analytical uncertainties are less than ±2% for all major elements except
forMnO and P2O5 (up to ±5%). The chemical index of alteration (CIA) was calculated using the formula pro-
posed by Nesbitt and Young (1982): CIA = [Al2O3/(Al2O3+CaO

*+Na2O+K2O)] × 100 (ratio in molecular
proportions), assuming that the amount of CaO* is CaO only incorporated in silicates. Here, three CIA
values, CIA, CIA#, and CIA*, were calculated using different values of CaO*. CIA was calculated using
CaO* by estimating CaO with correction by the calcium carbonate and apatite contents, following Nesbitt
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and Young (1982); the calcium carbonate is measured by the gasometric method. CIA# was calculated
assuming CaO* = Na2O (in moles), following McLennan (1993); and CIA* was calculated using
CaO* = 0.7Na2O (in moles) by assuming a molar ratio of 1:3 for Ca:Na, following Honda and Shimizu
(1998). In addition, the plagioclase index of alteration (PIA) was calculated following Fedo et al. (1995):
PIA = [(Al2O3 − K2O)/(Al2O3+CaO

*+Na2O − K2O)] × 100 (ratio in molecular proportions).

Measurements of the abundance of trace elements and REE were made on powder samples using an induc-
tively coupled plasma‐mass spectrometry (ICP‐MS), NexION300D, in the Chinese Ministry for Nuclear
Industries. The powder samples were pretreated by digestion with ultrapure acids under high temperature
and pressure. To be specific, 40‐mg sample powders, 1‐ml HF, and 0.3‐ml (1:1) HNO3 were in a capped
Teflon vessel, shaken for 15 min with an ultrasonic device and then heated for 24 hr on a ~120 °C hotplate.
After that, the powders, 1‐ml HF, 0.3‐ml (1:1) HNO3, and 0.5‐ml HClO4 were placed in a sealed Teflon vessel
and heated for 7 days at ~120 °C. Two‐milliliter (1:1) HNO3 were further added and dried twice until no
remaining residue was detectable. Finally, dissolved samples were diluted to 49 ml with 1‐ml 1% HNO3,
and 500‐ppb indium was added as internal standard. The analytical uncertainties (relative standard devia-
tion) are less than ±1% for the REE and under ±5% for the trace elements. The chemical composition of
the upper continental crust (UCC) is from Taylor and McLennan (2008). REE concentrations were normal-
ized to chondrite compositions indicated by the “N” subscript, using values recommended in McLennan
(1989). The Eu anomaly was quantified by Eu/Eu*, where Eu is EuN, and Eu* = (SmN × GdN)

1/2 (Muhs,
2018; Taylor & McLennan, 1985).

4. Results
4.1. Grain Size

The variations of mean grain size, degree of sorting, and the content of the dust fraction (<63 μm) along the
south‐north transect are illustrated in Figure 2. The mean grain size ranges from 89–281 μm, the degree of
sorting ranges from 1.29 (well sorted) to 2.33 (poorly sorted), and the content of the dust fraction ranges from
0.44–21.7%. The dominant grain size category of the samples is sand (Figure 2). The dust fraction content of
the fluvial sediment samples, except NR02, is higher than that of dune sediment samples; in addition, from
south to north, the mean grain size and sorting of the samples decrease rapidly, with a relatively smooth pat-
tern of changes (Figure 2).

EMMA uses unbiased correlations of the grain size distributions of populations to identify the sources of
grain size variations across sand seas (Weltje & Prins, 2007). Prior to EMMA, the variances of different num-
bers of end‐members were assessed. The results are presented in Figure 3a, and they show that dividing the
samples into three end‐members is appropriate for the data set from the Taklamakan Desert. As shown in
Figure 3b and Table S1, End‐member 1 (EM1) represents a relatively fine component with a distribution
which is well sorted, symmetrical, and platykurtic, with a mean grain size of 92 μm; End‐member 2
(EM2) represents an intermediate component which is well sorted, fine skewed, and mesokurtic, with a
mean grain size of 141 μm; and End‐member 3 (EM3) represents a relatively coarse component which is
moderately sorted, fine skewed, and leptokurtic, with a mean grain size of 261 μm. The samples dominated
by EM1 are widely distributed within the entire Taklamakan Desert; those dominated by EM2 are located in
the northern part of the desert; and those dominated by EM3 are located in the southern part of the
desert (Figure 3c).

4.2. Major Elements

All samples are CaO‐rich compared with UCC (Figure 4; Taylor & McLennan, 2008). Except for CaO, the
bulk and sand fractions of the samples have a very similar weight percentage of SiO2 and lower percentages
of other major elements, compared with UCC (Figure 4). The dust fraction of the samples has varying weight
percentages of Fe2O3, and higher TiO2, MnO, MgO, and P2O5 and lower SiO2, Al2O3, Na2O, and K2O, com-
pared to UCC (Figure 4). In addition, the contents of SiO2, Al2O3, Na2O, and K2O in the dust fraction are
lower than those in the sand fraction, whereas the contents of other major elements are higher (Figure 4).
Notably, samples NR01 and NR02 have a higher Fe2O3 content and lower CaO content than samples
TN01 and TR01 (Figure 4).
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A plot of Log (Na2O/K2O) versus Log (Si2O/Al2O3) (Pettijohn et al., 1972) provides a dimensionless compar-
ison of the plagioclase and quartz content of samples, irrespective of the calcium carbonate content (Muhs
et al., 2013). Log (Na2O/K2O) is a measure of the proportion of plagioclase relative to K‐feldspar, and Log
(Si2O/Al2O3) is a measure of the proportion of quartz relative to total feldspar (Pettijohn et al., 1972). As
shown in Figure 5, most of the samples fall within the range of graywacke. The values of Log (Na2O/K2O)
within the dust fraction group and bulk + sand fraction group of the desert sediment samples are relatively
well grouped (Figure 5). In addition, most of the Log (Si2O/Al2O3) values of the dust fraction (ranging from
0.75–0.80) are slightly lower than those of the sand fraction (ranging from 0.74–0.84).

4.3. Trace Elements

Most of the trace elements of the samples are depleted with respect to the UCC (Figure 6). The bulk and sand
fractions of the samples have distribution patterns similar to the dust fraction, except for a higher content of

Figure 2. Variations of (left) mean grain size, (middle) sorting and (right) dust fraction content (<63 μm) with latitude.
Blue color refers to the fluvial sediment samples.

Figure 3. Boxplots of the percentage variance of samples explained by different numbers of end‐members (a), indicating that three end‐members are appropriate
for this data set. Plot of the grain size distributions of the three end‐members (b). Variation of end‐member percentages with latitude (c).
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Rb,Mo, and Tl and a lower content of Y, Zr, Nb, In, Hf,W, Th, and U. Samples NR01, NR02, TN01, and TR01
have distribution patterns similar to those of the DS samples (Figure 6). In the bulk samples and sand frac-
tions, the contents of Sc, V, Cr, Co, Ni, Cu, and Zn of samples NR01 and NR02 are higher than those of sam-
ples TN01 and TR01, whereas the dust fraction of samples NR01 and NR02 have higher values of Tl and
lower values of W (Figure 6).

Selected trace element ratios can be used to identify distinctive components of samples which have impor-
tant provenance and tectonic implications (McLennan et al., 1993); an example is Cr/V versus Y/Ni (Hiscott,
1984). Figure 7 shows amixing curve which links an ultramafic end‐member and a granite end‐member, and
it provides a semiquantitative estimate of the amount of ultramafic detritus in sediments (Amorosi et al.,
2002). In this diagram (Figure 7), all the studied samples are much closer to the granite end‐member than
to the ultramafic end‐member. The samples have Cr/V values <1.0 and Y/Ni values <0.50, with a <1% con-
tribution of ultramafic detritus; by contrast, a >99% contribution occurs in granitic rocks. The range of Cr/V
values of the dust fraction is similar to that of the sand fraction, whereas the range of Y/Ni values of the dust
fraction is higher (Figure 7).

4.4. REE

The chondrite‐normalized REE distribution patterns of all samples are characterized by relative enrichment
of light REE [(La/Sm)N ranging from 3.23–4.73], a negative Eu anomaly (Eu/Eu* 0.32–0.85), and a flat heavy

Figure 4. Upper continental crust‐normalized major elemental patterns for bulk, sand, and dust fractions of the samples. (top row) Bulk indicates bulk samples,
(middle row) Coarse (C) the sand fraction, and (bottom row) Fine (F) the dust fraction, respectively.
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REE portion of the curve [(Gd/Yb)N 1.34–2.38; Figure 8]. Overall, the
values are very similar to those of UCC (Figure 8; McLennan, 1989).
The distribution in Figure 9a reveals an inverse correlation between
Eu/Eu* and ∑REE. The dust fractions have higher ∑REE (>160 ppm),
higher heavy REE [most values of (Gd/Yb)N are >1.60], and more nega-
tive Eu anomaly values (values of Eu/Eu* are <0.60) compared to the sand
fraction (Figures 8 and 9).

A negative Eu anomaly (expressed as Eu/Eu* < 1.0) results from incor-
poration of Eu in Ca‐plagioclase, where Eu substitutes for Sr, which sub-
stitutes for Ca (Mason & Moore, 1982), and differences in the Eu/Eu*

values of aeolian sediments reflect differences in provenance (Liu &
Yang, 2013, 2018; Muhs, Budahn, et al., 2008; Muhs, 2018). The Eu/Eu*

values of the dust fraction range from 0.32–0.56, which is lower than those
of the sand fraction (0.64–0.83; Figure 8). In the sand fraction (Figures 8
and 9a), most of the Eu/Eu* values of the desert dune sediments (0.67–
0.83) are closer to those of samples NR01 and NR02 (0.71–0.79) than those
of samples TN01 and TR01 (0.64–0.66). However, in the dust fraction
(Figures 8 and 9a), many of the Eu/Eu* values of the desert sediment sam-
ples are close to both of these groups of samples, and several Eu/Eu*

values are closer to those of samples TN01 and TR01 (0.42–0.49) than
those of samples NR01 and NR02 (0.49–0.56).

5. Discussion
5.1. Feasibility of the Use of Chemical Composition for Determining Provenance

The chemical composition of clastic sediments is the combined result of the source rock composition and
chemical weathering processes (Perri et al., 2013; Sawyer, 1986). Nesbitt et al. (1996) demonstrate that the
chemical composition of mobile elements of sediments may not reflect provenance directly because of the
effects of chemical weathering. Caracciolo et al. (2011) noted that potential provenance signatures indicated
by chemical composition of mobile elements were overwhelmed by the strong effects of weathering pro-
cesses in the Bohemian Cretaceous Basin. Hence, for identifying provenance of the Taklamakan Desert sedi-
ment by chemical composition of mobile elements, it is necessary to first evaluate whether the effects of
chemical weathering processes have obscured potential provenance signatures.

The most widely used chemical indicator to detect the effects of the chemical weathering of sediments is the
CIA, which was proposed by Nesbitt and Young (1982). The CIA values of fresh basalts (30–45) indicate the
near absence of weathering (Nesbitt & Young, 1982), and the values of typical loess deposits (55–70) indicate
moderate weathering (Taylor & McLennan, 1985). The range of CIA values of the bulk samples studied
herein (45.2–56.2) is very similar to that of granites and granodiorites, higher than that of fresh basalts,
and lower than that of loess (Figure 10). This indicates that the effects of chemical weathering on the desert
sediment samples are minor. The degree of chemical weathering can also be estimated using the PIA, follow-
ing Fedo et al. (1995). The PIA values of the bulk samples are relatively low, ranging from 43.9–57.9
(Figure 10), which indicates that only a small proportion of the plagioclase has been converted. Overall,
therefore, the CIA and PIA values of the desert sediments indicate a low degree of chemical weathering.

The chemical composition of sediments changes through three principal processes: weathering of the source
rocks, sorting, and, in some cases, recycling (Perri et al., 2013; Sawyer, 1986). Weathering of the source rocks
typically occurs in the source area through pedogenesis and diagenesis and less frequently during subse-
quent transportation (Sawyer, 1986). Sorting is a mechanical process which occurs during sediment trans-
port (Perri et al., 2013); it may result in the separation of coarse and fine particles or heavy and lighter
minerals, and thus change the chemical composition of particle mixture. Garzanti et al. (2012) demonstrated
that in at least some dryland areas, natural sorting processes do not overwhelm provenance signatures, even
during long‐distance transport. The effect of recycling on sediment chemical composition is element mobi-
lity during diagenesis and metamorphism (Sawyer, 1986). Results of weathering indices (CIA and PIA)
reflect the sum of the effects, including weathering of the source rocks, sorting, and recycling. Thus, the

Figure 5. Plot of Log (Na2O/K2O) versus Log (Si2O/Al2O3) for bulk, sand,
and dust fractions of the samples, following Pettijohn et al. (1972). The
values reflect mineralogical maturity. Bulk indicates bulk samples, Coarse
(C), the sand fraction, and Fine (F), the dust fraction, respectively.
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low values of the weathering indices (Figure 10) set a low upper limit on the effects. Hence, we consider that
these processes have a very limited cumulative effect on the chemical composition of the desert sediments
and that the provenance signatures of their chemical composition are largely unaffected, enabling them to
be used for provenance analysis in the Taklamakan Desert. It is worth mentioning that if there were
chemical weathering, geochemistry for provenance studies can still be used as long as only immobile
elements are used.

5.2. Differences in the Provenances of the Sand and Dust Fractions

Chemical weathering can generate clay minerals from plagioclase, K‐feldspar, and other minerals (e.g., pyr-
oxenes, amphiboles, andmicas; Nesbitt & Young, 1982); most clay minerals are fine grained (<2 μm) and are
concentrated in the dust fraction (Nesbitt et al., 1996). The range of CIA values of residual clays (kaolinites
and chlorites) mostly is 85–100, which indicates strong weathering (Taylor & McLennan, 1985). In general,
the CIA values of most sediments are lower than those of clays, and chemical weathering tends to increase
the CIA value of the dust fraction. If the sand and dust fractions of sediments are derived from the same
source, weathering processes could cause the dust fraction to have a higher CIA value than the sand fraction.
The main reason that dust might experience more chemical weathering is that its surface area/mass ratio is
much greater than for sand, and it is likely to be more chemically active because of greater water‐holding
capacity. The CIA values of all fractions of the Taklamakan Desert samples (47.6–56.3; Figure 11) are much
lower than those of kaolinites and chlorites (85–100). However, the range of CIA values of the dust fraction

Figure 6. Upper continental crust‐normalized trace element patterns of bulk and sand and dust fractions. (top row) Bulk indicates bulk samples, (middle row)
Coarse (C), the sand fraction, and (bottom row) Fine (F), the dust fraction, respectively.
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(47.6–51.7) is lower than that of the sand fraction (51.1–56.3; Figure 11).
This indicates that the sand and dust fractions of the desert sediments
likely have different provenances.

Provenance signatures may be obscured by estimating the CaO* content in
the calculation of CIA in provenance research of desert sediments.
Estimation of the CaO* content is often used in the calculation of CIA
values (e.g., Honda & Shimizu, 1998; Liu & Yang, 2018; Yang et al.,
2007). CIA# and CIA* are calculated using two different methods: CIA#

uses a higher CaO* content in the calculation than does CIA* by assuming
a higher ratio of Ca to Na (Honda & Shimizu, 1998; McLennan, 1993). The
ranges of CIA# values of all fractions of the desert sediments are lower

than those of CIA* (Figure 11), which is expected from the higher CaO*

content in the index calculation formula (section 3.4; Nesbitt & Young,
1982). The ranges of the values of CIA* and CIA# of the dust fraction
are higher than those of the sand fraction, whereas the reverse is the case
for the CIA (Figure 11). This implies a higher molar ratio of Ca to Na in
the dust fraction than in the sand fraction. As shown in mineral data
(Table S2), in the bulk, the dolostone (CaMg (CO3)2) contents of the desert
dune sediments (2.1%) and the sediments from the southern rivers (1.5%)
are much less than that of the northern rivers (9.0%). Dolostone, a sedi-
mentary carbonate rock, is hard to react with dilute HCl (10%), and the
dolostone content of samples cannot be measured using the gasometric

method. As a result, the CIA values, calculated using CaO* by estimating CaOwith correction by the calcium
carbonate which is measured by the gasometric method, are underestimated but can contain the provenance
signature about dolostone, while the CIA# and CIA* values cannot. Thus, maybe the range of CIA* values of
the bulk samples studied herein (51.3–56.2) is closer to the true value range than the range of CIA values
(45.2–56.2; Figure 11). The range of CIA* values, same as the range of CIA values, also indicates a low degree
of chemical weathering of the desert sediments. However, the information about dolostone is likely obscured
by estimating the CaO* content in the calculation of CIA, indicating that caution is needed when using the
estimation in provenance research of desert sediments with potential source having dolostone.

Weathering processes produce clay minerals from primary minerals (Mason & Moore, 1982). Clay minerals
are more Al‐rich than plagioclase, K‐feldspar, and quartz (Nesbitt & Young, 1982). Nesbitt et al. (1996)
showed that different‐sized particles with the same felsic provenance will exhibit a specific weathering trend
as they evolve from sand to mud: from the CN‐K [(CaO*+Na2O)‐K2O] side toward the A (Al2O3) apex in the
ternary plot of A‐CN‐K (Figure 12a). Because CaO and Na2O are lost to solution in the chemical weathering
process, Al2O3, being far less soluble, stays close to the site of release after alteration of primary aluminosi-
licate mineral weathering (Mason &Moore, 1982). In addition, a specific weathering trend is expected in the
ternary plot of (A‐K)‐C‐N (Figure 12b; Fedo et al., 1995). During the same weathering process, La, Th, and Sc
will be enriched, as these are relatively insoluble elements; there should not be a weathering trend in the
ternary plot of La‐Th‐Sc. Figure 7 shows that the samples have Cr/V < 1.0 and Y/Ni < 0.50, with a <1% con-
tribution of ultramafic detritus and a >99% contribution from granitic rocks (Amorosi et al., 2002). This indi-
cates that the desert sediments have a felsic‐dominated source and that specific trends can be expected if the
sand and dust fractions have the same provenance. The weathering trends of the sand and dust fractions of
the Taklamakan Desert sediment samples were examined using ternary plots (Figure 12). The grain size data
(Figure 2) for the samples show that all the desert dune sediments have a dust fraction of <10%. As a result,
the chemical signatures of the bulk samples are very similar to those of the sand fraction, and therefore, the
two groups of samples were aggregated into a single group. The plots (Figure 12), however, exhibit reversed
trends from the sand fraction to the dust fraction for specific weathering trends expected in the ternary plots
of A‐CN‐K and A‐CN‐K, and exhibit an unexpected weathering trend from the sand fraction to the dust frac-
tion in the ternary plot of La‐Th‐Sc. These reversed and unexpected trends indicate differences in prove-
nance of the sand and dust fractions; moreover, the reversed and unexpected trends confirm that the
chemical composition of the desert sediments can be used to reveal their provenance signatures.

Figure 7. Plot of Cr/V versus Y/Ni for bulk and sand and dust fractions. The
mixing curve, connecting a granite end‐member to an ultramafic end‐
member, follows Amorosi et al. (2002). The percentages listed in the plot are
percentages of an ultramafic component in the samples. Bulk indicates bulk
samples, Coarse (C), the sand fraction, and Fine (F), the dust fraction.
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Figure 8. Chondrite‐normalized rare earth elements patterns for bulk and sand and dust fractions. Bulk indicates bulk samples, Coarse (C), the sand fraction, and
Fine (F), the dust fraction, respectively.

Figure 9. Plots of Eu/Eu* versus∑REE (a) and (La/Sm)N versus (Gd/Yb)N (b) for bulk and sand and dust fractions. Bulk
indicates bulk samples, Coarse (C), the sand fraction, and Fine (F), the dust fraction, respectively. REE = rare earth
elements.
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5.3. Provenance of the Sand and Dust Fractions

Previous studies have emphasized the Kunlun and Tian Shan Mountains as major sediment sources for the
Taklamakan Desert (Chang et al., 2000; Hattori et al., 2003; Rao et al., 2015; Rittner et al., 2016), and most
controversy concerns the relative importance of these two sources. The sediment supply from the Altun
Mountains to the desert is minor, although it cannot be excluded (Rao et al., 2015). Rittner et al. (2016)

define a “Kunlun” group which includes the Kunlun and Altun
Mountains. In the present study, following Rittner et al. (2016), we define
the mountains surrounding the southern part of the Tarim Basin as the
broader Kunlun Mountains.

Generally, the values of sorting and mean grain size of sand‐sized aeolian
sediments decrease downwind (Lancaster et al., 2015), because wind pre-
ferentially removes the fine sand fraction of sediments by saltation, leav-
ing a residue of larger particles (McTainsh et al., 2013). Traditional
approaches have used grain size and sorting studies to constrain the pro-
venance of the sand fraction of desert sediments in many different areas
(Lancaster et al., 2015; Lancaster & Ollier, 1983). Figure 2 illustrates
south‐north trends of the mean grain size and sorting of the sediment
samples. These trends suggest that the Kunlun Mountains, and not the
Tian Shan Mountains, are the main source of the sand fraction of the
Taklamakan Desert dune sediments.

The EMMA results for the Taklamakan Desert sediments (Figure 3 and
Table S1) show that EM1 is the finest genetically significant population.
The samples dominated by EM1 are distributed throughout the entire
desert in a south‐north direction (Figure 3c). This suggests that both the
Kunlun and Tian Shan Mountains could be the potential provenances of
the dust fraction of the desert sediments.

Eu is especially significant for tracing sediment provenance because it is
the only element among the REEs that can exist stably in a divalent state
(Mason & Moore, 1982). A negative Eu anomaly (measured by Eu/Eu*

which is a value less than 1.0) results from incorporation of Eu in Ca‐
plagioclase (Mason & Moore, 1982); it is a widely used index for tracing
sediment provenance (Hu & Yang, 2016; Liu & Yang, 2013, 2018; Muhs,
Budahn, et al., 2008; Muhs, 2018). Rb substitutes for K in the major
rock‐forming minerals, based upon the principles of element substitution
(Mason & Moore, 1982). K/Rb can be used as a provenance tracing index

Figure 10. Ternary plots of A‐CN‐K with CIA and (A‐K)‐C‐N with PIA of the bulk samples. The CIA values of fresh
basalts, granites, and granodiorites are from Nesbitt and Young (1982); the CIA values of loess, average shales, illites,
montmorillonites, beidellites, and residual clays (kaolinites and chlorites) are from Taylor and McLennan (1985). CIA =
chemical index of alteration; PIA = plagioclase index of alteration.

Figure 11. Variation of CIA, CIA#, and CIA* with latitude for bulk, sand,
and dust fractions of the Taklamakan Desert samples. CIA is calculated
using CaO* by estimating CaOwith correction by the calcium carbonate and
apatite contents, following Nesbitt and Young (1982); the calcium carbonate
is measured by the gasometric method. CIA# uses CaO* = Na2O (in moles)
by assuming a ~1:2 molar ratio of Ca: Na, following McLennan (1993). CIA*

uses CaO* = 0.7Na2O (in moles) by assuming a ~1:3 molar ratio of Ca: Na,
following Honda and Shimizu (1998). Bulk indicates bulk samples, Coarse
(C), the sand fraction, and Fine (F), the dust fraction, respectively.
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given its variability within different rock types (Muhs, 2017) and is well established in sedimentary research
(Muhs, Bettis, et al., 2008; Muhs et al., 2017; Muhs, 2017). K/Rb was used to distinguish loess deposits of
different provenance in Nebraska in North America (Muhs, Bettis, et al., 2008), and in addition it was used
to distinguish aeolian sands of different provenance in the dune fields and sand seas of North America
(Muhs, 2017; Muhs et al., 2017). Moreover, Muhs et al. (2017) proposed that K/Rb could be used as a prove-
nance indicator in many sand seas worldwide.

Based on the aforementioned principles, Eu/Eu* and K/Rb were also used to identify the provenances of the
sand and dust fractions of the Taklamakan Desert sediments (Figure 13). Since the dominant size class of the
samples is sand (Figure 2), the chemical signatures of the bulk samples largely reflect the chemical signa-
tures of the sand fraction. The signatures of the bulk and the sand fraction of the DS samples are very similar
to those of the Kunlun‐derived sediments; the Tian Shan‐derived sediment samples have lower Eu/Eu* and
K/Rb values than the other group (Figure 13). This finding reinforces the conclusion that the sand fraction of
the desert sediments is mainly derived from the Kunlun Mountains, rather than from the Tian Shan
Mountains. The dust fraction (Figure 13) has similarities to both the Kunlun‐derived and the Tian Shan‐
derived sediment samples, despite the fact that their Eu/Eu* and K/Rb ratios are different. This reinforces
the conclusion that dust fraction of the desert sediments is derived from both the Kunlun and the Tian
Shan Mountains.

Figure 12. Ternary plots of A‐CN‐K (a), (A‐K)‐C‐N (b), and La‐Th‐Sc (c) of bulk samples (yellow), and sand (blue) and
dust (green) fractions of the desert dune samples. Dashed lines are weathering trends for sediments from the same pro-
venance, and solid lines are reversed and unexpected trends caused by compositional variations owing to differences in
provenance.

Figure 13. Boxplots of (left) Eu/Eu* and (right) K/Rb values for the sediment samples. DS = desert dune sediment sam-
ples; K. = Kunlun‐derived fluvial sediment samples, including NR01 and NR02; T. = Tian Shan‐derived samples,
including TR01 and TN01. Bulk indicates bulk samples, Coarse (C), the sand fraction, and Fine (F), the dust fraction,
respectively.
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Although previous studies have presented valuable opinions on the provenance of the Taklamakan Desert
sediments, there is still a lack of arguments for the differences in the provenances of the sand and dust frac-
tions. Moreover, the previous studies could be controversial, as they were based on the assumption that the
two fractions have the same source or without considering the grain size dependence of these techniques
used to identify the provenance of the desert sediments. We propose that the controversies regarding the pro-
venance of the desert sediments can be resolved by taking grain size effects into consideration. Our earlier
studies found out that coarse sands show distinct variations from region to region but fine sands are quite
homogeneous in the Taklamakan Desert (Yang et al., 2007). Rittner et al. (2016) showed that a group of bulk
desert dune samples were very similar to a group of Kunlun‐derived river sediment samples, based on det-
rital zircon age spectra and heavy mineral compositions, whereas they were dissimilar to a group of Tian
Shan‐derived samples (Figure 14, left). Desert sediments are dominated by sand‐sized grains and the meth-
odologies of both heavy mineral and zircon analyses exhibit a grain size bias which emphasizes sand grains
rather than the dust fraction (Jackson et al., 2004). Thus, Rittner et al. (2016) came to the conclusion that the
sands of the Taklamakan were mainly derived from the Kunlun Mountains. By contrast, Rao et al. (2015)
showed that the sediments of this desert were closer to the end‐member of rocks from the Tian Shan
Mountains in an isotopic plot of εNd(0) versus Sm/Nd (Figure 14, right).

Our new data and the studies by Jonell et al. (2018) suggested that changes of isotopic compositions must be
interpreted with consideration of chemical fraction of minerals in different grain size fractions. In this con-
text, there are two potential explanations for the difference between the conclusions from Rittner et al.
(2016) and Rao et al. (2015). One is that the bulk samples measured by Rittner et al. (2016) and the fine frac-
tions measured by Rao et al. (2015) had different provenances, as they claimed. And the other is that the bulk
samples and dust fractions might originate from the same provenance, and their different interpretations
were actually due to the differences in selection of grain size fractions of samples for measurements. As
Jonell et al. (2018) emphasized, certain minerals tend to end up in different grain size fractions, and the che-
mical fractionation by mineralogy may affect the inferred provenance signal even if the minerals in the fine
sediment fraction were derived from the same source rocks as the minerals in the bulk samples. For a truly
correct understanding geochemical data must be interpreted with consideration to the impact of grain size,
and to the geomorphological processes and associated sediment supply mechanisms.

5.4. Sediment Supply and Availability

The sediment samples were collected from the surface; in addition, the geochemical tracers we use herein to
identify desert sediment provenance have a temporal scale of <104 years in terms of sediment transport

Figure 14. INDSCAL (Individual Differences Scaling) map (left) combining detrital zircon age spectra and heavy mineral
composition of all dune and fluvial sediment samples in the Tarim Basin. Piedmont samples are excluded from the pro-
venance sample group due to the likelihood that they comprise mixtures of many exogenous materials in the downwind
part of the desert (modified after Rittner et al., 2016). Isotopic plot of εNd(0) versus Sm/Nd (right) of the fine fraction (<75
μm) of the Taklamakan Desert sediment samples (modified after Rao et al., 2015).
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(Lancaster et al., 2013). Hence, we now try to determine the contemporary sediment supply mechanisms
based on the provenance information. The formation and accumulation of sand seas are governed by
sediment supply, availability, and wind power (Kocurek & Lancaster, 1999; Lancaster, 2013). The
Taklamakan is currently an active desert, and there is sufficient wind energy to generate sediment
mobility (Zhu et al., 1981). In addition, sediment supply is not a limiting factor for sediment accumulation,
because ample sediment is still being generated in the adjacent mountain ranges (Goudie, 2013; Kao et al.,
2001). Hence, to determine the contemporary sediment supply mechanisms from the provenance, the
main factors to consider are the spatial characteristics of sediment supply and sediment availability.

Elevation is the major control on the spatial distribution of the rivers influencing the sediment supply of the
Taklamakan Desert. Figure 15 shows that almost the entire desert can be regarded as a potential drainage
area for the Kunlun‐derived rivers, based on the gradient characteristics of the drainage basin elevation.
The drainage systems of the desert exhibit a high degree of spatial variability (Figure 15; Yang, Liu, et al.,
2006; Yu et al., 2016) and enable the direct supply of sediment to each part of their respective drainage areas.
Furthermore, part of the Yarkant River and the Tarim River are located in the northern fringe of the desert at
the lowest elevation of the north‐south direction of the Tarim basin and are oriented in a west‐east direction
(Figures 1 and 15). The Yarkant‐Tarim channel is a physical barrier for the smaller rivers carrying Tian
Shan‐derived sediment southward to the desert, and it transports sediment eastward along the desert fringe.
Thus, since the development of the fluvial systems, the Kunlun Mountains have directly supplied sediment
to the desert via fluvial processes; in contrast, this was not possible for the Tian Shan Mountains.

Vegetation provides a major control on the availability of sand particles for aeolian transport in the Tarim
Basin. Vegetation reduces wind speed and thus decreases the aeolian transport of sediment (Draut et al.,
2012; Li et al., 2013; Okin, 2013; Wolfe & Nickling, 1993; Zhu et al., 1981). Table 1 reveals the low drift poten-
tial of the sand particles in the oases of the basin, and it implies that the sand is anchored by the surrounding
belts of vegetation. The Enhanced Vegetation Index (EVI) map (Figure S1) provides a consistent spatial com-
parison of the vegetation conditions in the basin (Didan, 2015). Minimal vegetation cover occurs along the
Kunlun‐derived rivers, especially for the segments in the center of the desert. In addition, the vegetation
along the historically documented rivers (Figure 15) has evidently disappeared. Ye et al. (2014) showed that
the runoff volumes of the rivers in the basin have a high seasonality and they vary synchronously with their
sediment loads. The Kunlun‐derived rivers supply abundant sand grains to the southern part, the center, and
even the northern part of the desert, during the flood season. In addition, the Kunlun‐derived sand particles
are available for supply to the aeolian system within the desert when the rivers dry up and the vegetation
disappears. It is for this reason that the sand fraction of the desert sediments mainly has the provenance sig-
nature of the Kunlun Mountains (section 5.3).

In the case of the Taklamakan Desert, the contemporary sediment supply mechanism of the dust fraction is
more complex than that for the sand fraction. Gao andWashington (2009) studied the spatial characteristics

Figure 15. Elevationmap of the Tarim Basin based on Shuttle Radar Topography Mission data (USGS, 2004) with histori-
cally documented rivers. The rivers of the Qing Dynasty are from Yang, Liu, et al. (2006), and those of the Han Dynasty are
from Yu et al. (2016).
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of dust activity over the basin, using TOMS AI (Total OzoneMapping Spectrometer Aerosol Index) for 1980–
1992. The results revealed dust hot spots in the basin (Figure S1) which were associated with intense dust
activity near the surface. A hot spot is found in the southern part of the basin where abundant Kunlun‐
derived sediments accumulate. These sediments are transported northward to the desert by wind, but the
amount transported is relatively low due to the low frequency of southerly winds (Figure 1). Nonetheless,
some of the Kunlun‐derived rivers directly supply dust particles to the center of the basin, whereas the
Tian Shan‐derived rivers do not. When the rivers dry up, the particles are available for aeolian transport
due to the absence of vegetation. In addition, aeolian abrasion, a ubiquitous process within the desert, can
generate some dust particles which inherit the provenance signature of the Kunlun Mountains in the
desert sands.

There is also a dust hot spot in the northern part of the Tarim Basin. It includes the wide oases near the
southern slopes of the Tian Shan Mountains (Figure S1), which have accumulated abundant Tian Shan‐
derived sediments. Although vegetation protects sediment from aeolian erosion, it also has the ability to trap
windblown dust particles (Okin, 2013; Wolfe & Nickling, 1993); therefore, the dust fraction increases in the
oases. Although vegetation does not eliminate entirely the aeolian transport of sediment (Okin, 2013), the
aeolian transport of sand particles is decreased dramatically by vegetation in the wide oases within the
northern area (Table 1). The TOMS AI data show that in the northern hot spot, which includes the wide
oases (Gao & Washington, 2009), there are weaker vegetation constraints on the emission of dust particles.
Moreover, the wide oases are located at the downstream end of the Tian Shan‐derived rivers and on rela-
tively low and flat terrain, which is also conducive to the accumulation of dust‐sized particles (Langford,
1989). Therefore, there are extensive areas of fine‐grained sediments in the oases, such as silt‐rich fluvial
deposits and soils (aggregates of clay and silt). The fluvial sediment sample, collected from the oases, has
a dust fraction content of >20%, which is much larger than that of samples from other types (Figure 2).
Thus, in addition to direct aerodynamic lifting of dust particles from the oases (Sweeney & Mason, 2013),
saltation bombardment and the disintegration of soil aggregates are two important mechanisms for generat-
ing dust within the oases (Shao, 2001). These two mechanisms highlight the importance of saltation for
large‐scale dust emission (Bristow & Moller, 2018; Shao, 2001). It is a conventional view that, worldwide,
except for the Bodélé Depression, the most important mechanism of dust production is that quartz sand salt-
ating bombards large areas of fine deposits, creating active dust hot spots (Bristow & Moller, 2018; Ginoux
et al., 2001; Miller et al., 2006). A new view, based on field studies, is that most dust generation occurs by
direct entrainment of dust due to the threshold friction velocity for silt less than that for sand (Sweeney &
Mason, 2013). Although the primary mechanism for dust generation here needs further study, it is certain
that changes in the availability of the Tian Shan‐derived sand and dust particles for aeolian transport to
the desert occur in the oases within the northern hot spot area. Wind transports dust particles mainly in sus-
pension and they can easily be transported for distances of ~102–103 km (Bullard & Livingstone, 2009; Pye,
1987). Therefore, the Tian Shan‐derived dust particles can be supplied to the entire desert area by
aeolian transport.

5.5. Implications of the Relative Importance of Silt‐Producing Mechanisms for the Desert Dust

Deserts are sediment sinks for the surrounding mountains, and they can potentially provide an environment
for generating dust particles which are a major source of loess deposits (Bullard & Livingstone, 2009).
However, it is difficult to draw conclusions about the relative importance of the silt‐generating mechanisms,
including aeolian abrasion on sand dunes, fluvial abrasion, and glacial grinding (Bullard & Livingstone,
2009; Wright et al., 1998; Yang, 1991). The traditional view is that the deserts of northwestern China are
the major sources for the Chinese Loess Plateau (CLP; Liu, 1985). Some of the dust within the
Taklamakan Desert rises directly from the surface of the sand sea into the upper troposphere, and some is
lifted by upslope wind along the south mountains (Yumimoto et al., 2009); then, the dust is entrained by
the westerlies, prevailing wind at the upper troposphere in the midlatitudes, to CLP and localities farther
downwind (Shao et al., 2011; Sun, 2002). However, other possible loess sources are the northern and north-
eastern Tibetan Plateau, including the Qaidam Basin, Qilian Mountains, and Kunlun Mountains (Maher,
2016). Although the Taklamakan Desert dust is mainly derived from the Tian Shan and Kunlun
Mountains (section 5.3), the likely major sediment provenance of the deserts of northwestern China is the
northern and northeastern Tibetan Plateau (Hu & Yang, 2016; Liu & Yang, 2018). In addition, some new
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views about themajor sources for CLP loess were put forward (Maher, 2016; Nie et al., 2015, 2018). However,
the focus of the debate on CLP loess still is the relative importance of the various silt supply pathways and
the various generating mechanisms of loess particles. Any potential source cannot be discounted until it
has been examined (Mahowald et al., 1999), and thus a huge literature has developed which characterizes
samples from the putative sources and matches them with typical CLP loess (Maher, 2016), and these efforts
are ongoing. Maher (2016) considers that assembling all available published data is the essential next step for
reaching a definitive conclusion regarding the source of the CLP loess, including Nd/Sr, 10Be, mineralogical,
and magnetic evidence. Based on the finding that the inferences of which sources are important will depend
on also considering different grain sizes classes separately, we suggest that an essential additional step is the
recognition of the specific roles that the putative sources can play, which would help determine the relative
importance of the various loess‐generating mechanisms.

From the perspective of the Taklamakan Desert itself, the proportion of the sand fraction in the desert sedi-
ment samples is >90% (Figure 2), and this fraction mainly exhibits the provenance signature of the Kunlun
Mountains. Within the desert, dust particles can be generated by aeolian abrasion on sand dunes, and thus,
they would also exhibit the provenance signature of the Kunlun Mountains. Some of the desert dust parti-
cles, which also have the provenance signature of the Kunlun Mountains, are likely supplied directly by
the rivers and winds, and these particles are not generated by aeolian abrasion within the desert. In addition,
at least some of the desert dust particles, having the provenance signature of the Tian ShanMountains, must
also be mainly supplied directly. If this were not the case, there would be an abundance of residual Tian
Shan‐derived sand particles in the desert, which we do not observe. If the amount of dust generated by aeo-
lian abrasion within the desert exceeds the dust supplied directly, the dust fraction would mainly exhibit the
provenance signature of the KunlunMountains alone. Thus, we conclude that a major part of the desert dust
is directly supplied by aeolian reworking of deposits from fluvial sources rather than by aeolian abrasion and
that the latter is perhaps only a minor mechanism generation of dust‐sized particles for the
Taklamakan Desert.

6. Conclusions

This study shows substantially different provenances of different grain size fractions of sediments from the
same localities and that those differences can lead to very different sediment source apportionment infer-
ences. Generally, in desert sedimentary systems, where the finest grain sizes are very mobile, it is of great
significance to consider grain size classes separately for correct interpretation of sediment provenance and
sediment‐routing mechanisms. The Taklamakan Desert sediment samples are close to graywacke in compo-
sition. They have low values of CIA (45.2–56.2) and PIA (43.9–57.9), suggesting that the processes, including
weathering of the source rocks, sorting, and recycling, have had only a minor cumulative effect and should
not obscure the provenance signatures. The samples have Cr/V < 1.0 and Y/Ni < 0.50, implying a >99% con-
tribution from granitic rocks. Analysis of specific weathering trends with plots of A‐CN‐K, (A‐K)‐C‐N, and
La‐Th‐Sc, together with the CIA index, indicates that, for certain weathering trends, the desert sediment
samples exhibit reverse trends from the sand fraction to the dust fraction, which enables differences in
the provenance of the sand and dust fractions to be determined. A south‐north trend of grain size fining
and sorting, together with the spatial distribution of the finest genetically significant grain size population
determined by EMMA analysis, Eu/Eu* anomalies, and K/Rb ratios, indicates that the Kunlun Mountains
are the main source of the sand fraction. In contrast, the sources of the dust fraction include both the
Kunlun and Tian Shan Mountains.

Shuttle Radar Topography Mission data show that almost the whole of the Taklamakan Desert lies within
the potential drainage area of the Kunlun‐derived rivers, which enables them to supply sediment to the
desert basin. EVI data reveal a relatively low degree of vegetation cover for the areas supplying Kunlun‐
derived sediment, which suggests that these sediments are freely available for aeolian transport during arid
phases. In contrast, the elevation gradient limits the potential for supplying the Tian Shan‐derived sediment
to the desert by restricting the development of the Tian Shan‐derived fluvial system. Vegetation also limits
the availability of the Tian Shan‐derived sediment, but the magnitude of its effect differs between the sand
and dust fractions. The large oases dramatically reduce the aeolian transport of the Tian Shan‐derived sand
in the Tarim Basin, but have less effect on the emission of dust particles. For the Taklamakan Desert, the
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sediment supply mechanism for the dust fraction is more complex than for the sand fraction. Dust particles
can be supplied from dust activity hot spots within the basin by aeolian transport, whereas this is not the case
for the sand fraction. We consider that major part of the desert dust is directly supplied by aeolian reworking
of deposits from fluvial sources, rather than produced by aeolian abrasion of sand‐sized particles within the
dune field of the desert.
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