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Identifying the provenance of aeolian sediments in deserts is of great importance for understanding the Earth
surface processes. In this context, we conducted detailed fieldwork in the Ordos Deserts (Maowusu and Kubugqi)
in the middle portion of the desert belt in northern China, and measured the major, trace and rare earth elements
(REE) of aeolian sands and their potential source rocks and sediments. Our results show that aeolian sands in the
eastern (northeastern) and western (southwestern) Maowusu (Mu Us) Sandy Land exhibit different degrees of
mineralogical maturity and Eu/Eu* values. Thus, we interpret that these aeolian sands have different prove-
nances, though in the same sandy land. Our data suggest that the local lacustrine sediments and sandstones
are the main sources of aeolian sands in the eastern province of the Maowusu Sandy Land, while aeolian sands
in the western Maowusu Sandy Land and the Kubuqi Desert have the same external sources. The comparison
of geochemical compositions of sediments in the Ordos Deserts with their potential sources in adjacent regions
indicates that there is no genetic linkage between the Helan Mountains, the Yinshan Mountains and the Ordos
Deserts although they are not far apart. The Qilian Orogenic Belt in the northeastern margin of the Tibetan Plateau
is, however, the most likely original provenance for the western Maowusu (Mu Us) Sandy Land and the Kubuqi
(Hobq) Desert, but with fluvial sediments in the Ningxia-Inner Mongolian section of the Yellow River as the
immediate source. In one side, our results demonstrate that dune fields that are close to each other can have
significantly different source sediments. On the other hand, our work suggests that some dune fields and
landforms that are far apart from one another, e.g., the Badain Jaran Desert in western Inner Mongolia, the
Ordos Deserts and the fluvial sediments in Ningxia-Inner Mongolian section of the Yellow River, can share the
same ultimate sources.
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1. Introduction

Aeolian deposits are significant components of the Earth's land-
scapes, and dunefields are common in arid and semi-arid areas (Muhs
et al, 1996; Goudie, 2002; Bliimel, 2013; Williams, 2014; Muhs,
2017), especially in northwestern China (Zhu et al., 1980; Yang et al.,
2012; Dongetal.,2013). Dunes in such areas may record even subtle en-
vironmental and climatic changes because ecosystems in arid and semi-
arid regions are fragile and can be easily disturbed (Zhu et al., 1980; Li
and Yang, 2014), making them sensitive landforms for paleoclimatic
studies (Eitel et al., 2005; Thomas and Wiggs, 2008; Chase, 2009;
Lancaster et al., 2013; Lehmkubhl et al., 2018). The deserts may impact
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even the entire Earth system because dust from deserts has a significant
influence on radiation balance, biogeochemical cycles, air pollution and
human health (Goudie, 2009). Thus, studies of deserts have important
implications for not only understanding climatic, environmental
changes and Earth surface processes, but also human health and
infrastructure.

Provenance of aeolian sands is an indispensable part of desert stud-
ies, providing better understanding on the responses of different surface
processes to tectonic movement and climatic changes (Sepulchre et al.,
2006; Williams, 2014; Yang and Eitel, 2016), and improving interpreta-
tion for the climatic signals in aeolian deposits. As rivers also play signif-
icant roles in the formation and evolution of landscapes in arid and
semi-arid areas, understanding the interactions between aeolian and
fluvial processes is critical for reconstructing climatic changes (Nanson
et al., 1992; Williams, 1994, 2015; Bullard and McTainsh, 2003; Cohen
et al., 2010). Earlier palaeoenvironmental and palaeoclimatic studies
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in arid and semi-arid areas suggest that aeolian processes were predom-
inant during dry and cold climate conditions while paleosols, lacustrine
deposits and carbonate in soils generally represent relatively humid and
warm epochs (Zhu et al., 1980; Yang et al., 2003, 2013; Bubenzer et al.,
2007; Mdchtle et al., 2010; Singhvi et al., 2010). In many cases, however,
formation of dunes may be controlled by sand supplies (Williams, 1994,
2015; Cohen et al., 2010; Muhs, 2017), and therefore understanding
what the sand sources are is crucial.

The Ordos Deserts refer to the deserts located in the Ordos Plateau in
the middle portion of the desert belt in northern China, including the
Maowusu (Mu Us) Sandy Land and the Kubugi (Hobq) Sand Sea/Desert
(Fig. 1). Some studies have been undertaken to identify the exact
sources of aeolian sands in this region. Rao et al. (2011a) proposed
that coarse particles in the Ordos Deserts were mainly derived from un-
derlying sandstones and fine particles sourced primarily from the fluvial
sediments of the Yellow River. Stevens et al. (2013) suggested that de-
trital particles carried by the Yellow River from the northern Tibetan
Plateau were the ultimate sediment sources of the western Maowusu
Sandy Land while weathering sandstones were the primary sources of
the eastern Maowusu Sandy Land. However, these previous studies
were based on a small quantity of samples, and the regional variation
was not thoroughly reflected in the sampling.

Geochemical approaches have been widely used to determine the
provenance of wind-blown deposits (Muhs et al., 1996, 2013; Yang
et al., 2007a, 2007b, 2008; Yang et al., 2009; Pullen et al., 2011; Rao
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et al, 2011a, 2011b; Liu and Yang, 2013; Stevens et al., 2013;
Lancaster et al., 2015; Hu and Yang, 2016). Sr-Nd isotope compositions
(Yang et al., 2009; Rao et al., 2011b), trace and rare earth elements
(REE) compositions (Muhs et al., 1996; Yang et al., 2007a, 2007b; Liu
and Yang, 2013; Hu and Yang, 2016), mineralogical maturity (Muhs,
2004; Muhs et al., 2013), detrital zircon U-Pb age profiles (Pullen
et al., 2011; Stevens et al., 2013), and heavy mineral compositions
(Stevens et al., 2013; Lancaster et al., 2015) have all been found to be
useful in exploring sources of sediments. To improve our understanding
of the provenance of aeolian sediments in the Ordos Deserts and the po-
tential roles of the Yellow River in shaping the landscapes of the Ordos
Plateau, we conducted detailed fieldwork in both the Maowusu Sandy
Land and the Kubugqi Desert, and collected aeolian sand samples and po-
tential source sediments, with a goal of ascertaining their regional vari-
ations. Based on the data of major and trace element compositions, here
we aim to clarify the provenance and regional variations of the aeolian
sands in the Ordos Deserts, and further to explore the interactions be-
tween aeolian processes and the Yellow River in shaping the landforms
of the Ordos Deserts.

2. Regional setting
The Ordos Deserts are located in the Ordos Plateau and are bordered

by the Yellow River in the west, north and east and by the Loess Plateau
in the south. Outside of the region bounded by the Yellow River, the
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Fig. 1. Location of the study area. The Ordos Deserts refer to the Maowusu Sandy Land and the Kubugqi Desert (The rectangle with black dashed lines marks the location of Fig. 2). The
Ningxia-Inner Mongolian section is found mainly along the river course from Qingtong Gorge to Toudaoguai.
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Helan Mountains occur to the west, the Yinshan Mountains to the north,
and the Liiliang Mountains to the east (Fig. 1). The bedrock of the Ordos
Plateau includes Archean and Paleoproterozoic metamorphic crystalline
rocks, covered by thick Proterozoic, Paleozoic and Mesozoic sediments.
In the desert, loosely cemented and easily weathered Jurassic and Creta-
ceous sandstones are the most common kinds of rocks. Rocks in the
Helan Mountains and the Yinshan Mountains include Archean and
Paleo-Proterozoic gneiss, marble, quartzite and granite, and Paleozoic
and Mesozoic sandstone, shale and conglomerate. Rocks in the Qilian
Mountains include Precambrian basic-ultrabasic volcanic rocks, gran-
ites, hypometamorphic and epimetamorphic rocks, Paleozoic and Me-
sozoic volcanic rocks, clastic sediments, carbonatite and metamorphic
rocks (Ma et al.,, 2004).

Situated in a transitional climatic zone (Fig. 2), the Ordos Deserts
show clear regional variations in their geomorphology (Zhu et al.,
1980). While active dunes cover most parts of the Kubuqi Desert (Zhu
et al,, 1980; Yang et al., 2016), fixed (i.e., vegetated) and semi-fixed
dunes are the main types of aeolian landforms in the Maowusu Sandy
Land (Zhu et al., 1980; Yang et al., 2012). The Maowusu Sandy
Land lies in the southeastern part of the Ordos Plateau, with an area of
3.2 x 10* km?. The mean annual temperature is 6-8°C, and the mean an-
nual precipitation is as high as 440 mm in the east and as low as 250 mm
in the west (Fig. 2). The present predominant wind in the sandy land is
from northwest to southeast as the resultant drift directions (Fryberger
and Dean, 1979) show (Fig. 2). Quaternary aeolian sediments and fluvial
and lacustrine deposits make up the main materials of the present sur-
face. In recent decades, great effort has been made to fix mobile dunes
in the Maowusu Sandy Land, using aerial seeding and planting grasses
and trees with irrigation. Positive effects on desertification control
from these efforts are visible. Many seasonal and permanent rivers
with headwaters in the Maowusu Sandy Land (Fig. 2) flow southeast-
wards and are tributaries of the Yellow River (Zhu et al., 1980).

The Kubugqi Desert is about 400 km long from east to west and covers
an area of ~1.6 x 10 km? (Yang et al., 2012). Its mean annual precipita-
tion ranges from ~150 mm in the west to ~400 mm in the east (Fig. 2).
The present predominant wind is from northwest to southeast (Yang
et al., 2016; Fig. 2), similar to that in the Maowusu Sandy Land. Ten
tributaries originate from the Ordos Plateau and flow across the Kubuqi
Desert, from south to north, and finally join the Yellow River (Zhu et al.,
1980; Pan et al,, 2015; Fig. 2). These tributaries are characterized by high
sediment loads, with average annual sediment load of nearly 2 x 107 t
(Lin et al., 2014), but average annual runoff has been as low as 1.27
x 108 m? in the last 60 years (Wu, 2004).

3. Sample selection and analytical methods

We collected 25 aeolian sand samples in the Maowusu Sandy Land,
with an effort to sample most of this extensive landscape. Nine sand-
stone samples from different areas were also collected in the Sandy
Land. Among them, three samples were reddish-brown, six were
grayish-green. Considering that in the Maowusu Sandy Land there are
abundant lake basins, 14 lacustrine sediment samples were collected,
12 of them from a section of a dried lake bed (Fig. 2).

We collected 14 aeolian sand samples in the Kubugi Desert, all from
the top of active dunes, and along the tributaries of the Yellow River.
Two sandstone samples were collected in east part of the desert also
(Fig. 2).

Recognizing that fine sediment fractions in the Ordos Deserts may
have different transport processes and sources than coarse fractions,
the fine grain size fraction (<125 pm) were separated from coarse grains
by dry sieving. Bulk samples and fine fractions were analyzed for major
element abundances with X-ray fluorescence spectrometry (XRF) using
a PANalyticle XRF Spectrometer in the Laboratory of Cenozoic Geology
and Environment, Institute of Geology and Geophysics, Chinese
Academy of Sciences. All samples were first pulverized to powder
smaller than 75 pm (Tyler standard 200 mesh), and dried at 100 °C in

a dry oven. After this preparation, 0.7 g of sample powder was
mixed with 7 g dilithium tetraborate (Li;B405) flux, and then fused at
1100 °Cin a muffle oven. After melting, fluid was poured into a platinum
mould to make a fusion glass with a smooth surface, and finally mea-
sured with the XRF spectrometer. Loss on Ignition (LOI) was obtained
by weighing after 1 h of heating at 900 °C. The LOI and major element
concentrations are expressed as wt%, with all the iron expressed as
Fe,0s. Analytical uncertainties are <41%.

Trace elements, including the REE were measured using a HR-ICP-
MS in the Beijing Research Institute of Uranium Geology, Chinese
Ministry for Nuclear Industries. Sample powders (<75 pum) (40 mg)
were first dissolved in 1 ml HF and 0.3 ml (1:1) HNOs, shaken for
15 min with an ultra-sonic device and then heated for 24 h in order to
break down silicates and other salts. Then samples were re-dissolved
in 1 ml HF, 0.3 ml (1:1) HNO5 and 0.5 ml HCIOy4, placed in a capped
TEFLON vessel for 7 days in order to further break down silicates, fluo-
rides and zircons. 2 ml (1:1) HNOs were further added and dried twice
until no remaining residue was detectable. Dissolved samples were di-
luted to 49 ml with 1 ml 1% HNOs, and 500 ppb indium was added as
an internal standard before the final measurement with the HR-ICP-MS.

The Chemical Index of Alteration (CIA) was defined to quantify the
degree of subaerial weathering and measure the degree of weathering
and transformation of silicate minerals to secondary clay minerals
(e.g., kaolinite, illite and smectite) relative to fresh parent rocks. The
calculation equation of the index is: CIA = [Al,05 / (Al,03 + CaO*
+ Nay0 + K,0)] x 100 (in molar proportions). Here CaO* represents
Ca in silicate-bearing minerals only. In our study, carbonate CaO was
not distinguished from silicate CaO by experiment, so the method of
McLennan (1993) was applied. When the concentration of CaO was
less than or equal to the concentration of Na,O, the CaO value was
adopted as the CaO* value; otherwise the Na,O value was used for the
calculation of CIA.

4. Results
The geochemical compositions of all samples are listed in Table 1.
4.1. Major elements

Compared with bulk samples, the fine sediment fractions have
slightly lower SiO, content, but obviously higher Fe;03, TiO,, MnO»,
and MgO contents (Fig. 3), indicating that the fine fractions contain
more clay minerals and lower amounts of quartz and feldspars.
Almost all samples have a low degree of chemical weathering, with
CIA values < 57, except the sandstone samples collected in the Kubuqi
Desert, which have an average CIA value of 61.3 (Table 1). In the
Maowusu Sandy Land, the bulk aeolian sand samples have slightly
higher CIA values than sandstone and lacustrine samples collected
nearby, and similar CIA values to the fine particles. In the Kubugi Desert,
sandstone samples have the highest CIA values, while the lowest CIA
values occur in the bulk aeolian sand samples (Table 1).

One important characteristic is that the aeolian sand samples col-
lected in the western province of the Maowusu Sandy Land have higher
SiO, and lower Na,0 and K,0 compared with those collected in the
eastern province of the sandy land (Fig. 3).

4.2. Trace elements

The majority of trace elements are depleted compared to UCC in all
samples, especially Cd, Tl and Bi. The fine fractions of aeolian sand
show slightly higher concentrations of almost all trace elements than
the bulk sand samples, especially the elements Sb, Zr and Hf. The lacus-
trine sediments and sandstone samples from the Maowusu Sandy Land
have similar distribution patterns to those of the aeolian sand samples,
especially samples collected in the eastern Maowusu Sandy land, with
slight differences in concentrations of Cr and Mo. The distribution
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Fig. 2. Distribution of sampling sites. The Maowusu Sandy Land is divided by the dashed red line into two provinces on the basis of major element compositions, i.e., samples M1 to M12
refer to the northeastern province (in the following text and figures as eastern) and samples from M13 to M25 belong to the southwestern province (in the following text and figures as
western). Sand roses showing wind strengths and directions are calculated following Fryberger and Dean (1979) with data from the U.S. National Climatic Data Center (NCDC) from 1973
to 2016. DP, Drift Potential; RDP, Resultant Drift Potential; RDP/DP, wind direction variability and RDD, Resultant Drift Direction.
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Table 1
Abundances of major elements (%), concentrations of REE and traces elements (ppm) and ratios of elements in the samples of this study.

Samples M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12
Si0, 74.86 76.82 71.84 75.34 73.02 72.89 75.51 78.28 75.25 74.47 79.63 78.61
Al,05 12.84 12.39 14.03 12.74 12.85 12.80 12.36 11.60 12.23 13.09 10.88 11.46
Fe,05 2.06 1.16 2.87 1.82 3.36 343 1.53 1.50 1.42 2.27 1.19 1.05
Ca0 1.58 144 1.98 1.51 1.68 1.88 2.01 1.24 1.82 1.79 1.16 1.24
MgO 0.54 0.31 0.68 0.47 0.66 0.67 0.60 0.44 0.69 0.61 0.30 0.34
K,0 2.81 2.72 2.60 2.84 2.57 2.44 2.80 2.86 2.53 2.54 2.74 2.75
Na,0 343 3.44 3.83 345 343 3.53 332 3.13 3.27 3.56 291 3.07
TiO, 0.43 0.20 0.75 0.32 0.73 1.00 0.31 0.22 0.20 0.51 0.09 0.15
MnO 0.04 0.02 0.07 0.03 0.06 0.07 0.03 0.02 0.03 0.05 0.01 0.02
LOI 1.52 1.13 1.44 1.20 1.26 1.20 1.87 1.08 1.62 0.94 0.62 0.76
CIA 52.86 52.67 52.67 52.79 53.11 52.25 50.69 52.72 51.93 52.82 52.66 52.90
Li 8.90 7.81 9.32 103 8.19 9.66 9.48 7.98 11.0 15.0 7.14 7.54
Be 1.61 1.72 1.06 111 141 1.18 1.82 1.35 2.09 1.94 137 1.61
Sc 4.49 2.66 6.76 5.73 3.74 6.26 3.81 2.82 3.98 8.12 1.72 2.69
v 338 17.5 39.5 55.1 247 46.9 30.0 224 264 49.1 121 18.7
Cr 30.8 143 329 47.6 122 249 214 175 18.6 333 319 12.5
Co 3.65 3.41 441 5.18 4.04 6.32 3.28 3.99 4.06 7.14 4.24 2.16
Ni 6.83 742 6.18 7.50 7.18 10.7 5.75 8.46 7.42 11.8 103 3.69
Cu 5.77 4.74 6.78 9.68 6.02 10.0 8.54 6.00 4.83 4.51 3.95 2.74
Zn 216 14.6 279 293 183 30.7 183 15.6 22.0 314 14.1 13.4
Ga 129 11.7 133 13.5 11.8 13.0 11.7 109 12.0 13.6 9.49 10.2
Rb 76.6 73.2 67.5 71.8 744 67.3 733 75.5 733 65.5 733 744
Sr 383 367 412 378 382 346 343 318 321 309 276 290
Y 10.7 7.55 16.8 14.6 8.60 17.8 9.72 7.68 8.73 14.0 5.37 8.77
Mo 0.563 2.25 0.375 0.376 1.65 3.02 0.356 2.81 0.247 0.309 453 0.342
cd 0.136 0.016 0.131 0.099 0.064 0.107 0.033 0.062 0.045 0.064 0.112 0.044
Sb 0.178 0.150 0.149 0.285 0.162 0.291 0.264 0.175 0.245 0.186 0.166 0.139
Cs 1.90 1.82 1.67 2.03 1.76 2.03 1.88 1.73 2.68 4.01 1.86 1.77
Ba 917 894 857 839 928 765 870 896 767 647 816 817
Tl 0.513 0.493 0.455 0.495 0.506 0.449 0.491 0.488 0.543 0.519 0.490 0.520
Pb 15.5 15.2 15.1 16.4 14.9 16.1 14.9 15.5 17.7 153 15.2 14.7
Bi 0.352 0.373 0.217 0.092 0.058 0.108 0.156 0.083 0.066 0.059 0.036 0.046
Th 5.39 2.11 3.34 8.01 2.81 6.63 3.60 2.65 347 4.19 2.12 2.37
U 0.951 0.540 0.999 1.70 0.749 1.49 0.875 0.776 1.01 1.84 0.675 0.775
Nb 6.94 3.93 12.8 11.7 5.52 154 5.71 4.02 3.90 5.60 222 3.78
Ta 0.460 0.289 0.837 0.868 0.388 1.21 0.666 0.279 0.344 0.430 0.167 0.263
Zr 215 119 492 475 129 671 235 161 120 162 76.7 853
Hf 5.52 3.02 11.3 11.8 3.24 15.8 5.86 4.05 3.40 4.64 2.13 2.30
La 20.1 125 19.8 245 16.0 242 16.9 14.9 163 239 114 123
Ce 37.2 213 37.0 47.0 28.0 45.8 30.8 259 29.8 44.0 19.5 20.9
Pr 3.95 2.53 4.42 5.59 3.26 5.52 3.63 2.99 3.37 5.15 225 2.40
Nd 14.7 9.46 17.0 21.5 123 21.1 139 11.2 126 19.8 8.38 9.01
Sm 243 1.62 3.04 3.74 2.02 3.78 2.39 1.86 2.16 3.46 142 1.54
Eu 0.693 0.539 0.826 0.783 0.612 0.825 0.674 0.542 0.656 0.890 0.469 0.503
Gd 1.87 1.36 2.58 2.82 1.56 2.98 1.90 1.57 1.83 2.93 1.14 131
Tb 0.339 0.222 0.471 0.484 0.271 0.576 0.316 0.252 0.305 0.474 0.170 0.267
Dy 1.83 1.29 2.93 2.65 1.54 313 1.87 134 1.65 2.62 1.07 1.48
Ho 0.356 0.253 0.563 0.496 0.301 0.624 0.333 0.273 0.303 0.472 0.181 0.274
Er 1.07 0.754 1.76 1.56 0.963 1.82 1.01 0.791 0.881 1.44 0.562 0.902
Tm 0.200 0.131 0.324 0.267 0.164 0.358 0.172 0.150 0.150 0.245 0.092 0.176
Yb 132 0.825 2.03 1.90 1.15 242 1.22 0.883 1.02 1.54 0.681 1.14
Lu 0.178 0.120 0.282 0.261 0.155 0.328 0.172 0.133 0.144 0.222 0.091 0.148
Eu/Eu* 1.00 1.12 0.91 0.74 1.06 0.76 0.97 0.98 1.01 0.86 1.13 1.09
Th/U 5.67 3.91 3.34 471 3.75 445 4.11 3.41 3.44 2.28 3.14 3.06
SREE 86.2 529 93.0 113.6 68.3 113.5 753 62.8 71.2 107.1 474 524
Samples M13 M14 M15 M16 M17 M18 M19 M20 M21 M22 M23 M24
Si0, 81.73 81.86 80.90 83.50 82.40 83.48 83.19 85.14 81.11 83.19 84.72 86.39
Al;04 7.88 7.52 8.12 7.54 8.23 7.81 8.11 7.35 8.71 8.61 7.06 6.98
Fe,05 1.70 1.54 1.86 1.35 2.07 1.99 2.21 1.58 2.75 142 134 1.29
Ca0 1.95 2.67 2.08 1.52 1.21 1.00 1.02 0.79 1.28 0.33 0.80 0.74
MgO 0.65 0.59 0.83 0.59 0.79 0.73 0.77 0.60 0.82 0.41 0.52 0.49
K>0 1.91 1.94 1.96 1.85 1.82 1.65 1.70 1.67 1.80 2.25 1.74 1.73
Na,0 1.77 1.70 1.74 1.73 1.82 1.71 1.79 1.68 1.95 2.08 1.64 1.57
TiO, 0.25 0.21 0.28 0.18 0.31 0.29 0.34 0.22 0.45 0.20 0.19 0.18
MnO 0.03 0.04 0.03 0.03 0.04 0.03 0.04 0.03 0.05 0.03 0.02 0.02
LOI 2.04 240 243 1.81 1.62 1.20 1.48 1.16 1.14 0.94 0.98 1.08
CIA 49.95 49.41 50.84 50.02 53.77 55.20 55.29 55.34 54.12 54.19 54.21 54.87
Li 149 11.9 17.5 13.5 15.4 14.4 134 12.8 14.8 9.77 11.9 10.3
Be 1.16 13 1.25 121 0.896 1.30 0.892 1.12 1.55 117 1.05 1.12
Sc 4.27 4.02 4.79 3.25 5.26 5.03 5.11 3.88 6.53 3.90 3.36 322
\ 27.2 242 30.1 214 40.0 40.2 34.6 286 39.2 19.5 229 223
Cr 255 20.6 34.6 17.2 383 373 46.5 24.7 532 15.1 13.9 15.9
Co 4.52 4.02 4.70 3.65 5.03 471 4.59 3.79 5.58 2.84 3.51 3.02

Ni 9.11 7.75 10.9 7.85 113 10.7 10.1 9.79 10.8 5.12 7.31 7.03
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Table 1 (continued)

Samples M13 M14 M15 M16 M17 M18 M19 M20 M21 M22 M23 M24
Cu 7.58 6.53 8.48 6.63 8.28 7.82 7.36 6.73 8.34 4.52 5.99 5.95
Zn 22.1 18.3 254 18.8 25.6 23.8 22.6 20.1 26.6 15.3 17.0 15.7
Ga 7.89 7.11 8.44 7.20 8.44 7.75 7.54 6.85 8.79 7.98 6.68 6.30
Rb 65.9 62.4 69.2 64.0 65.1 57.8 55.5 55.6 62.0 67.5 59.2 56.3
Sr 164 174 161 151 150 153 138 132 168 184 138 132
Y 9.59 10.3 10.9 7.67 11.2 9.78 10.0 8.49 14.4 9.92 7.79 6.70
Mo 0.376 0.372 0.381 0.187 0.231 0.209 0.184 0.442 0.332 0.349 0.226 0.205
cd 0.091 0.045 0.042 0.03 0.075 0.068 0.079 0.039 0.025 0.023 0.079 0.017
Sb 0.555 0.473 0.613 0.567 0.618 0.542 0.610 0.466 0.609 0.318 0.469 0.439
Cs 2.61 2.23 3.03 2.53 2.84 2.37 2.33 221 2.46 1.83 2.18 2.03
Ba 516 536 481 483 456 436 403 410 476 629 458 434
Tl 0.449 0.389 0.456 0.366 0.407 0.380 0.344 0.352 0.367 0.428 0.368 0.338
Pb 143 132 141 12.8 14.6 12.8 122 115 141 13.0 11.8 11.0
Bi 0.106 0.097 0.124 0.102 0.126 0.124 0.124 0.811 0.122 0.065 0.079 0.077
Th 4.15 3.60 5.31 3.56 4.76 433 447 3.51 6.14 3.03 3.08 2.92
U 0.942 0.913 1.24 0.832 1.05 0.945 0.986 0.802 1.21 0.732 0.732 0.680
Nb 542 4.43 6.09 4.05 6.48 5.58 6.31 432 8.60 4.60 3.77 351
Ta 0.422 0.355 0.479 0.385 0.527 0.452 0.484 0.328 0.644 0.307 0.302 0.272
Zr 163 128 205 83.1 150 147 211 93.8 332 173 93.9 101
Hf 4.05 334 5.39 2.18 3.96 3.90 5.46 2.44 8.12 4.43 2.51 2.65
La 134 124 15.5 11.0 14.8 14.6 132 10.2 179 10.7 9.83 9.12
Ce 24.9 225 289 20.3 27.7 26.7 244 18.8 334 18.7 17.7 16.6
Pr 2.83 2.63 3.35 2.32 3.19 3.14 2.83 2.18 3.89 224 2.02 1.91
Nd 11.0 10.2 129 8.85 121 12.0 10.8 8.37 14.8 8.61 7.66 7.25
Sm 2.01 1.94 2.38 1.64 2.24 2.18 1.99 1.56 2.71 1.62 1.44 133
Eu 0.501 0.462 0.527 0.417 0.506 0.505 0.456 0.370 0.581 0.435 0.383 0.333
Gd 1.69 1.69 1.98 141 1.83 1.91 1.91 134 2.44 1.52 135 1.08
Tb 0.290 0.315 0.333 0.240 0.352 0.313 0.332 0.255 0.451 0.281 0.225 0.206
Dy 1.68 1.88 1.96 142 2.04 1.75 1.73 1.56 2.52 1.72 1.46 1.20
Ho 0.318 0317 0.368 0.275 0.384 0.342 0.356 0.290 0.495 0.348 0.243 0.227
Er 0.964 113 1.19 0.812 1.16 0.995 1.08 0.876 1.58 1.09 0.836 0.707
Tm 0.171 0.179 0.193 0.133 0.217 0.190 0.179 0.156 0.292 0.190 0.154 0.125
Yb 1.14 1.20 133 0.894 1.31 1.21 1.27 0.905 1.82 1.32 0.813 0.867
Lu 0.157 0.162 0.184 0.126 0.200 0.193 0.171 0.132 0.275 0.182 0.136 0.120
Eu/Eu* 0.84 0.78 0.75 0.84 0.77 0.76 0.72 0.79 0.69 0.85 0.84 0.85
Th/U 441 3.94 4.28 4.28 4,53 4,58 4.53 438 5.07 4.14 421 4.29
SREE 61.1 57.0 71.1 49.8 68.0 66.0 60.7 47.0 83.2 49.0 443 411
Samples M25 MS1 MS2 MS3 MS4 MS5 MS6 MS7 MS8 MS9 MF1 MEF2
Sio, 88.61 61.65 70.41 67.32 72.44 77.03 73.97 76.42 69.26 60.25 70.19 71.38
Al,03 5.94 12.64 13.06 12.97 13.83 11.76 12.87 11.51 1217 13.79 11.60 12.62
Fe,05 0.95 271 1.95 2.75 1.88 2.12 2.26 1.66 2.89 6.02 6.27 3.58
Ca0 0.58 7.62 342 4.64 1.38 143 2.22 1.57 4.00 2.29 1.90 2.00
MgO 0.38 1.92 1.07 1.54 1.00 0.48 1.05 0.90 1.51 3.92 1.18 0.99
K0 1.63 3.31 3.27 2.19 3.61 2.60 2.29 2.61 2.36 3.01 2.12 2.19
Na,O 1.50 3.17 3.53 317 3.54 3.15 337 2.93 2.93 3.86 2.83 3.23
TiO, 0.13 0.27 0.23 0.33 0.17 0.44 0.32 0.19 0.48 0.63 142 143
MnO 0.01 0.09 0.03 0.07 0.02 0.05 0.04 0.01 0.08 0.06 0.10 0.09
LOI 0.84 6.93 3.45 453 1.94 0.90 1.63 1.76 3.96 6.54 1.54 1.50
CIA 53.15 47.41 46.27 50.32 53.37 52.86 52.02 52.64 49.94 50.65 53.34 53.48
Li 10.4 20.5 11.6 9.96 10.7 7.52 10.7 12.5 17.6 59.7 13.9 133
Be 0.756 1.34 1.41 1.63 1.79 1.39 1.55 1.30 2.18 2.53 1.79 1.68
Sc 2.50 4.92 3.81 512 3.68 433 6.32 3.44 7.99 112 10.8 10.1
\Y 18.2 34.7 32.6 38.0 24.2 27.8 327 24.6 43.1 68.5 108 55.9
Cr 8.71 933 143 28.6 130 18.6 150 175 194 126 98.9 63.5
Co 2.18 8.57 6.00 431 6.41 317 6.52 4.92 7.80 18.7 8.79 6.59
Ni 4.95 16.4 103 6.22 11.2 414 10.8 104 13.0 31.0 143 111
Cu 5.00 7.57 7.36 5.08 5.87 4.10 495 487 8.68 19.5 11.9 109
Zn 12.7 36.4 22.6 23.7 21.7 18.2 21.7 18.7 28.4 101 48.7 41.0
Ga 5.46 14.9 13.2 13.1 13.7 10.6 124 11.0 12.7 189 14.1 12.8
Rb 53.0 94.5 79.6 70.0 86.4 69.8 60.9 68.5 66.7 132 63.8 63.1
Sr 118 386 396 369 418 292 356 278 304 169 265 292
Y 5.48 11.1 8.89 133 7.07 12.6 11.8 8.62 20.0 222 25.3 25.1
Mo 0.108 1.19 2.11 0.243 2.55 0.255 2.38 2.99 2.78 1.78 0.487 0.380
cd 0.033 0.029 0.061 0.094 0.041 0.090 0.088 0.034 0.190 0.043 0.147 0.071
Sb 0.414 0.120 0.162 0.141 0.139 0.167 0.168 0.170 0.276 0.613 0.396 0.295
Cs 1.72 2.87 1.01 2.03 132 1.79 1.98 1.90 2.24 129 2.58 2.45
Ba 429 1045 1086 799 1224 771 738 759 694 623 559 621
Tl 0.323 0.542 0.485 0.505 0.794 0.421 0.433 0.433 0.420 0.679 0.418 0.366
Pb 991 14.7 15.7 16.1 16.1 144 15.2 15.0 211 20.6 16.3 143
Bi 0.064 0.049 0.085 0.058 0.026 0.041 0.050 0.048 0.101 0.210 0.114 0.100
Th 2.55 2.58 3.24 4.50 2.57 417 430 2.79 6.07 10.2 14.6 9.75
§) 0.695 0.749 0.755 1.26 1.56 1.19 1.07 0.797 2.54 2.40 2.94 2.08
Nb 2.88 5.60 431 7.99 3.70 8.46 4.80 4.04 8.91 15.2 18.7 14.5
Ta 0.224 0.332 0.269 0.562 0.246 0.658 0.358 0.242 0.599 1.05 0.992 0.600
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Samples M25 MS1 MS2 MS3 MS4 MS5 MS6 MS7 MS8 MS9 MF1 MF2
Zr 69.6 105 170 359 121 296 168 125 255 240 1189 1309
Hf 1.92 2.77 438 8.95 3.16 7.41 4.29 324 6.57 6.85 28.6 315
La 791 21.1 19.7 21.8 22.0 17.7 20.6 14.3 278 323 46.7 36.6
Ce 14.2 36.4 34.4 40.2 38.0 31.6 38.6 24.6 52.3 61.1 87.9 70.0
Pr 1.63 434 3.97 4.70 431 3.70 4.60 2.99 6.36 7.18 104 8.35
Nd 6.18 16.5 15.0 17.7 15.9 14.0 179 114 25.0 27.5 394 321
Sm 1.11 2.81 2.46 299 2.52 240 3.17 2.02 4.53 4.94 6.46 5.60
Eu 0.290 0.887 0.789 0.766 0.841 0.608 0.836 0.651 1.02 0.935 0.996 1.07
Gd 0.909 2.29 1.84 245 1.85 2.01 2.63 1.72 3.99 4.26 4.89 432
Tb 0.170 0.370 0.328 0.440 0.278 0.375 0.419 0.291 0.659 0.740 0.877 0.762
Dy 0.909 1.89 1.59 2.38 142 224 2.24 1.60 3.64 3.98 4.56 4.35
Ho 0.178 0.340 0.309 0.489 0.249 0.415 0.418 0.293 0.683 0.766 0.920 0.873
Er 0.573 1.05 0.840 1.38 0.729 1.34 1.21 0.872 2.02 2.29 2.65 2.50
Tm 0.106 0.169 0.148 0.265 0.116 0.242 0.193 0.149 0.322 0.406 0.457 0.443
Yb 0.709 1.03 0914 1.68 0.799 1.72 1.38 0.908 217 2.46 3.01 2.89
Lu 0.093 0.139 0.130 0.253 0.105 0.231 0.185 0.127 0.300 0.332 0.486 0.469
Eu/Eu* 0.89 1.07 1.14 0.87 1.20 0.85 0.89 1.07 0.74 0.63 0.54 0.67
Th/U 3.67 3.44 4.29 3.57 1.65 3.50 4.02 3.50 239 4.25 4.97 4.69
SREE 35.0 89.3 824 97.5 89.1 78.6 94.4 61.9 130.8 149.2 209.7 170.3
Samples MF3 MF4 MF5 MF6 MF7 MF8 MF9 MF10 MF11 MF12 MF13 MF14
Si0, 59.06 69.75 63.16 57.88 71.28 66.26 71.81 66.52 70.58 58.03 70.77 64.81
Al,03 12.51 11.58 10.09 11.29 11.88 12.33 11.76 12.34 12.96 10.53 9.72 9.55
Fe,05 11.17 6.66 13.51 12.60 3.54 7.58 2.81 7.45 3.85 15.68 4.10 6.50
Cao 297 1.93 1.91 3.31 2.78 227 292 242 222 2.67 4.63 6.64
MgO 1.74 1.20 131 1.55 1.12 1.37 1.25 141 1.45 1.86 1.32 1.66
K>0 1.85 212 1.75 1.78 2.29 2.29 2.11 2.00 224 1.61 1.83 1.71
Na,O 3.04 2.78 232 2.67 3.05 3.07 2.81 3.09 3.16 224 2,07 1.84
TiO, 437 1.51 3.08 4.69 0.92 1.89 0.47 2.08 0.79 4.08 0.76 1.17
MnO 0.26 0.11 0.21 0.28 0.07 0.12 0.06 0.14 0.07 0.28 0.09 0.13
LOI 1.46 1.48 139 2.16 2.34 1.70 2.99 1.49 271 122 4.54 5.51
CIA 51.10 53.42 53.41 51.30 49.27 5233 50.48 52.55 53.20 53.60 52.49 54.70
Li 15.5 14.4 154 15.7 13.7 14.3 17.0 14.2 16.0 15.7 20.0 20.0
Be 1.81 1.58 123 1.96 1.87 1.47 1.72 1.62 1.72 1.86 2.04 1.57
Sc 215 113 16.7 225 9.10 133 8.13 13.8 10.0 26.0 10.2 13.7
\ 188 108 287 249 72.7 152 56.1 147 74.9 308 75.5 119
Cr 153 105 235 221 67.7 121 49.4 127 66.2 290 112 218
Co 14.5 9.12 144 14.8 6.56 9.76 7.18 10.3 8.22 17.5 9.04 11.8
Ni 18.1 14.0 20.6 19.5 14.4 15.5 15.4 15.5 14.7 22,6 20.1 249
Cu 26.5 12.6 229 294 9.74 14.2 9.24 14.0 10.2 26.3 14.8 18.6
Zn 101 49.8 83.5 107 373 56.1 354 67.6 47.0 105 449 57.4
Ga 17.8 14.1 17.8 19.3 13.0 15.6 12.5 15.8 13.7 214 11.2 12.7
Rb 54.0 63.0 54.9 56.0 67.7 64.7 66.5 58.0 68.2 523 64.9 60.1
Sr 307 258 210 270 287 284 249 298 286 204 210 225
Y 59.3 276 459 61.0 219 333 15.4 34.0 20.1 71.6 225 344
Mo 1.14 0.617 1.17 1.47 0.821 0.737 0.599 0.610 0.507 1.72 0.604 0.851
cd 0.272 0.105 0.160 0.291 0.044 0.199 0.093 0.166 0.153 0.524 0.142 0.149
Sb 0.355 0.434 0.743 0.433 0.328 0.257 0.413 0.248 0.393 0.574 1.02 1.30
Cs 221 2.58 245 2.56 2.57 2.39 3.34 2.29 3.44 2.55 3.19 3.12
Ba 546 566 453 503 635 636 523 588 609 433 458 419
Tl 0.327 0.424 0.302 0.314 0.408 0.390 0.380 0.393 0.519 0.313 0.409 0.375
Pb 17.5 15.7 19.9 19.5 14.5 17.9 15.2 15.1 16.4 19.1 16.6 20.0
Bi 0.147 0.133 0.253 0.166 0.104 0.117 0.099 0.111 0.110 0.245 0.226 0.284
Th 25.6 16.0 30.8 324 8.26 17.9 6.03 16.6 5.92 413 7.99 19.0
U 5.29 3.04 6.13 6.64 1.85 3.27 1.56 3.32 1.94 8.46 1.88 3.85
Nb 59.9 17.3 45.6 68.7 14.8 10.6 8.11 6.47 12.2 59.8 14.8 21.2
Ta 4.61 0.713 3.46 4.71 1.05 0.442 0.605 0.078 0.776 5.44 1.30 1.49
Zr 2942 1278 2515 4236 733 1628 258 1442 459 4549 654 1568
Hf 67.6 29.7 59.3 97.7 18.2 37.8 6.85 344 10.9 102 15.0 385
La 81.8 50.4 935 103 305 56.1 219 58.5 259 120 274 55.5
Ce 157 94.7 177 197 579 108 42.5 113 48.9 233 51.5 107
Pr 18.7 11.1 20.5 233 6.92 12.8 49 13.2 5.79 279 6.08 12.8
Nd 70.0 41.7 75.6 87.2 27.1 49.3 18.8 50.4 224 105 237 49.0
Sm 11.6 6.80 12.0 14.4 4.70 7.94 3.41 8.42 4.21 17.9 4.48 8.83
Eu 1.45 1.11 1.39 1.79 0.962 133 0.853 124 0.935 1.85 0.901 1.20
Gd 9.75 5.13 8.67 11.7 4.03 6.08 3.00 6.56 347 14.1 3.88 7.05
Tb 1.67 0.910 1.44 1.92 0.698 1.09 0.546 1.10 0.691 2.44 0.722 1.26
Dy 8.95 4.93 712 10.7 3.56 5.51 2.73 5.46 337 119 3.66 6.02
Ho 1.69 1.03 1.49 2.13 0.729 1.12 0.549 1.15 0.715 2.57 0.758 1.22
Er 5.48 2.78 435 6.45 2.20 3.36 1.52 341 2.06 7.40 2.14 3.66
Tm 1.01 0.469 0.790 1.13 0.387 0.576 0.259 0.606 0.360 1.37 0.347 0.623
Yb 6.08 2.89 5.18 7.24 2.28 3.69 1.56 3.56 2.26 8.56 220 3.93
Lu 1.01 0.476 0.812 1.12 0.350 0.550 0.278 0.605 0.323 1.34 0.347 0.599
Eu/Eu* 0.42 0.58 0.42 0.42 0.68 0.59 0.82 0.51 0.75 0.36 0.66 0.47
Th/U 4.84 5.26 5.02 4.88 4.46 5.47 3.87 5.00 3.05 4.88 4.25 4.94
3REE 376.2 2244 409.8 469.1 142.3 2574 102.8 267.2 1214 555.3 128.1 258.7
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Table 1 (continued)
Samples MEF3 MF4 MF5 MF6 MF7 MF8 MF9 MF10 MF11 MF12 MF13 MF14
Samples MF15 MF16 MF17 MF18 MF19 MF20 MF21 MF22 MEF23 MF24 ME25 ML1
Si0, 73.39 71.46 69.25 68.39 71.18 73.66 67.21 73.77 68.25 76.70 78.34 67.07
Al,03 9.86 9.53 10.05 10.24 10.29 10.32 10.11 10.39 10.14 9.71 9.53 11.95
Fe,05 3.09 3.75 6.49 9.10 6.71 5.07 8.94 5.29 8.55 3.46 2.85 2.19
Ca0 3.42 428 3.31 2.25 2.01 1.62 2.98 1.67 2.61 1.71 1.72 5.66
MgO 1.39 1.40 1.64 1.89 1.66 1.48 1.66 1.29 1.58 1.24 1.16 1.13
K0 2.06 1.85 1.79 1.70 1.78 1.85 1.70 1.90 1.73 1.93 1.97 239
Na,O 2.08 1.98 1.94 1.90 2.00 2.06 1.94 2.23 2.01 2.08 2.06 295
TiO, 0.53 0.67 1.23 1.62 1.26 0.91 1.72 117 1.57 0.63 0.52 0.24
MnO 0.05 0.08 0.12 0.16 0.12 0.09 0.15 0.10 0.14 0.06 0.05 0.08
LOI 3.95 3.94 341 1.86 1.82 1.96 2.71 1.65 2.55 2.01 1.95 5.57
CIA 52.06 52.79 54.69 55.85 54.73 55.80 55.13 54.92 54.43 53.32 52.71 49.28
Li 20.5 20.2 18.9 20.0 21.2 229 23.7 21.7 22.2 19.1 17.9 124
Be 1.16 1.66 135 147 1.72 1.32 1.39 1.52 1.98 1.69 1.16 134
Sc 8.99 9.98 141 18.8 159 124 184 14.2 17.6 9.23 8.06 4.99
\% 62.1 71.6 124 174 134 97.1 174 107 168 69.6 56.2 34.6
Cr 72.6 106 257 404 281 154 382 174 373 105 82.5 176
Co 7.51 8.59 119 143 12.2 10.1 14.4 9.88 135 743 6.64 6.70
Ni 19.1 20.7 26.1 309 27.2 243 30.8 204 28.1 18.8 17.5 13.6
Cu 13.7 14.6 18.5 19.7 184 15.6 21.6 16.0 20.6 124 11.7 5.23
Zn 40.5 41.6 61.2 68.5 62.2 53.7 74.0 56.6 70.2 403 36.2 251
Ga 111 111 131 13.8 13.7 123 155 13.7 15.1 11.0 10.2 12.0
Rb 72.0 65.7 65.1 59.2 66.0 67.4 63.2 69.7 63.5 67.6 67.8 67.1
Sr 184 202 182 163 169 162 180 186 177 167 173 289
Y 199 20.0 33.1 40.5 30.8 25.6 44.2 339 434 18.2 15.2 125
Mo 0.555 0.497 0.924 1.02 0.774 0.885 2.00 0.701 135 0.456 0.555 2.40
Ccd 0.111 0.042 0.096 0.248 0.070 0.109 0.181 0.204 0.130 0.085 0.043 0.133
Sb 0.829 0.874 141 137 1.49 1.08 1.20 1.04 1.34 0.747 0.775 0.145
Cs 3.68 3.14 3.46 3.03 3.37 3.40 331 3.38 3.24 3.05 2.98 3.68
Ba 467 453 428 391 432 444 396 475 418 435 469 687
Tl 0.422 0.387 0.308 0.347 0.362 0.406 0.399 0.367 0.354 0.370 0.385 0.528
Pb 153 16.0 20.8 21.8 19.0 174 231 18.6 23.2 144 131 15.0
Bi 0.177 0.200 0.339 0.405 0.310 0.269 0.388 0.241 0.406 0.157 0.141 0.049
Th 10.5 7.86 144 142 11.0 9.15 21.7 13.1 20.1 6.33 524 3.67
u 2.14 1.73 3.15 3.65 2.87 2.38 473 297 437 1.59 1.45 144
Nb 113 14.0 24.6 30.1 21.6 18.1 174 23.7 28.6 119 10.2 4.49
Ta 0.754 1.17 2.07 2.11 1.46 1.46 0414 1.77 2.08 0.992 0.767 0.308
Zr 458 376 1126 2131 1442 873 2374 1208 2043 211 155 113
Hf 109 9.31 27.0 49.2 313 20.0 533 283 47.8 5.86 3.92 3.20
La 299 275 424 41.5 34.2 28.2 63.2 40.3 59.5 20.7 184 213
Ce 57.0 513 81.7 79.5 65.6 54.3 122 78.0 115 39.1 35.1 38.1
Pr 6.67 6.03 9.65 9.63 7.90 6.38 14.6 9.43 135 4.67 413 4.45
Nd 25.6 229 375 36.9 303 244 56.4 37.1 514 17.7 15.7 17.0
Sm 4.70 4.12 6.95 7.01 5.70 4.61 9.98 6.87 9.46 3.38 291 2.95
Eu 0.776 0.799 1.06 1.19 1.04 0.942 1.26 1.03 1.07 0.703 0.651 0.780
Gd 3.84 3.62 5.39 6.17 5.08 4.20 8.08 5.71 7.58 2.87 2.52 243
Tb 0.709 0.614 1.06 1.23 0.915 0.818 1.46 1.04 144 0.539 0.464 0.403
Dy 3.74 3.32 5.42 6.38 5.17 4.49 7.23 5.54 6.69 3.02 2.35 2.33
Ho 0.737 0.664 1.12 1.30 1.12 0.975 1.51 1.11 1.44 0.607 0.464 0.431
Er 2.10 1.96 3.17 4.07 3.24 2.60 447 3.19 431 1.81 1.49 1.22
Tm 0.361 0.353 0.631 0.788 0.584 0.492 0.794 0.650 0.808 0318 0.257 0.225
Yb 213 2.14 3.96 5.17 3.82 3.36 5.20 3.86 491 2.01 1.56 142
Lu 0.320 0.308 0.550 0.704 0.562 0.422 0.810 0.546 0.712 0.316 0.211 0.207
Eu/Eu* 0.56 0.64 0.53 0.56 0.59 0.66 0.43 0.51 0.39 0.69 0.74 0.90
Th/U 491 454 457 3.89 3.83 3.84 459 441 4.60 3.98 3.61 2.55
SREE 138.6 125.6 200.6 201.5 165.2 136.2 297.0 194.4 277.8 97.7 86.2 93.2
Samples ML2 ML3 ML4 ML5 ML6 ML7 ML8 ML9 ML10 ML11 ML12 ML13
Si0, 64.76 72.69 69.13 71.23 66.94 72.55 68.06 74.50 72.75 76.65 70.98 77.20
Al,03 10.84 11.60 11.20 11.30 10.88 12.10 10.81 11.40 12.00 11.61 11.70 11.50
Fe,05 1.76 1.17 137 1.24 1.57 1.02 1.52 1.07 1.36 0.85 1.53 1.07
Ca0 5.31 3.15 4.05 3.40 483 3.14 4.55 2.89 3.04 2.06 3.79 2.13
MgO 3.69 1.29 249 1.86 3.23 1.16 2.81 1.38 1.17 0.59 2.05 0.56
K0 2.59 2.76 2.70 2.78 2.61 2.81 2.59 2.85 2.88 291 2.73 2.96
Na,0 2.92 3.28 3.13 3.15 2.97 344 2.95 3.21 3.40 330 3.25 3.25
TiO, 0.26 0.24 0.25 0.19 0.22 0.18 0.22 0.21 0.25 0.18 0.29 0.15
MnO 0.04 0.03 0.03 0.02 0.03 0.03 0.03 0.02 0.03 0.02 0.03 0.02
LOI 7.37 3.11 4.83 3.73 6.24 3.07 5.70 2.90 231 135 3.68 1.54
CIA 46.61 45.69 45.85 45.78 46.33 45.85 46.34 45.80 46.00 48.72 46.14 48.28
Li 17.7 10.6 15.2 12.0 174 10.5 16.7 10.7 109 7.15 134 8.19
Be 1.04 1.19 141 1.09 1.42 1.75 1.55 1.43 1.47 138 1.09 1.12
Sc 3.61 2.80 333 2.64 3.20 2.69 331 2.52 2.99 1.83 331 1.93
\% 27.8 19.9 27.5 22,6 28.1 18.2 289 25.5 271 155 27.8 15.6
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Samples ML2 ML3 ML4 ML5 ML6 ML7 ML8 ML9 ML10 ML11 ML12 ML13
Cr 165 151 18.4 94.8 162 223 165 13.7 171 8.60 122 142
Co 4.50 2.66 3.17 343 4.39 2.68 4.40 2.37 3.59 1.68 3.96 3.52
Ni 10.1 523 6.36 7.66 9.75 11.6 12.2 4.51 743 3.02 8.24 7.89
Cu 6.14 3.86 4.57 4.23 5.56 343 6.17 3.62 4.16 235 4.77 3.45
Zn 20.9 18.8 17.0 14.2 184 13.7 19.5 15.5 15.5 9.81 18.0 113
Ga 10.0 10.8 10.5 10.2 10.3 10.4 104 10.4 10.9 9.55 10.8 10.2
Rb 64.8 71.8 69.0 70.4 67.5 68.7 68.3 72.6 735 69.3 69.7 74.5
Sr 486 388 431 420 465 387 444 382 390 347 424 343
Y 9.54 8.44 8.60 7.32 8.65 8.39 8.40 7.76 8.68 6.94 9.42 6.32
Mo 1.63 0.196 0.196 1.80 1.96 1.55 1.91 0.153 2.05 0.246 1.37 3.08
cd 0.089 0.059 0.039 0.029 0.049 0.053 0.066 0.048 0.036 0.035 0.063 0.031
Sb 0.168 0.144 0.170 0.115 0.187 0.097 0.184 0.116 0.161 0.090 0.162 0.115
Cs 1.98 1.61 1.76 1.64 1.90 1.55 1.87 1.58 1.59 1.36 1.74 1.49
Ba 747 886 818 861 783 884 808 878 898 900 847 896
Tl 0.392 0.440 0.380 0.412 0.409 0.494 0.419 0.468 0.420 0.433 0.381 0.483
Pb 12.3 13.4 13.1 133 13.0 124 12.5 13.6 13.7 12.6 13.1 134
Bi 0.053 0.047 0.041 0.038 0.049 0.031 0.056 0.039 0.031 0.023 0.042 0.026
Th 3.71 2.60 2.80 223 3.60 2.25 248 2.13 2.11 2.04 291 1.76
§) 1.04 0.754 0.973 0.768 1.09 0.656 1.04 0.767 0.738 0.589 0.968 0.546
Nb 4.96 4.50 4.32 3.70 4.11 3.45 4.01 4.04 4.62 294 4.96 3.21
Ta 0.325 0.285 0.283 0.231 0.273 0.225 0.259 0.281 0.327 0.243 0.338 0.234
Zr 206 172 185 157 149 107 165 163 175 162 210 110
Hf 5.16 4.26 4.76 4.06 3.75 273 4.18 4.14 4.52 3.85 5.06 2.81
La 17.8 15.1 15.2 134 17.3 14.0 14.8 133 13.8 12.6 15.6 115
Ce 313 26.8 272 236 315 24.1 26.2 235 24.3 21.7 27.8 19.7
Pr 3.66 3.11 3.18 2.72 3.76 2.83 3.10 2.77 2.88 2.55 3.28 228
Nd 13.8 11.9 12.2 104 14.5 10.7 119 10.5 11.0 9.64 12.7 8.62
Sm 2.37 2.02 212 1.77 241 1.86 2.06 1.81 1.93 1.64 2.23 1.44
Eu 0.636 0.607 0.619 0.527 0.576 0.564 0.578 0.532 0.606 0.496 0.641 0.499
Gd 2.09 1.73 1.74 1.55 1.94 1.65 1.65 1.58 1.61 1.26 1.95 1.25
Tb 0.303 0.269 0.273 0.248 0.303 0.253 0.281 0.244 0.273 0.212 0.305 0.222
Dy 1.89 1.48 1.53 1.28 1.50 1.37 1.60 1.36 1.58 1.22 1.65 1.13
Ho 0.313 0.293 0.290 0.242 0.272 0.288 0.308 0.264 0.321 0.223 0.308 0.213
Er 1.01 0.898 0.909 0.742 0.853 0.817 0.842 0.765 0.961 0.724 0.990 0.631
Tm 0.175 0.144 0.166 0.133 0.162 0.154 0.151 0.139 0.162 0.121 0.157 0.122
Yb 1.09 0.982 1.08 0.817 0919 0.820 1.02 0.999 1.04 0.749 1.13 0.706
Lu 0.153 0.131 0.146 0.133 0.147 0.125 0.140 0.111 0.160 0.115 0.153 0.100
Eu/Eu* 0.88 1.00 0.99 0.98 0.82 0.99 0.96 0.97 1.06 1.06 0.94 1.14
Th/U 3.57 3.45 2.88 2.90 3.30 343 238 2.78 2.86 3.46 3.01 3.22
SREE 76.6 65.5 66.7 57.6 76.1 59.5 64.6 57.9 60.6 533 68.9 484
Samples ML14 K1 K2 K3 K4 K5 K6 K7 K8 K9 K10 K11
SiO, 61.63 78.02 74.73 77.75 80.20 80.73 80.32 78.76 76.66 80.23 82.64 82.23
Al,O3 1141 9.05 9.26 9.10 8.85 8.28 8.51 8.92 9.23 8.46 7.89 8.13
Fe,03 3.53 2.29 233 2.02 2.03 1.79 1.72 2.02 241 2.07 1.59 1.75
Cao 5.06 2.18 3.89 2.81 225 1.98 2.11 2.08 2.55 2.12 1.24 1.45
MgO 5.07 0.87 1.04 0.72 0.76 0.69 0.68 0.76 0.96 0.82 0.61 0.69
K,0 2.39 1.96 2.00 2.28 2.02 1.93 1.99 2.02 2.01 1.88 1.83 1.89
Na,O 2.45 1.98 2.05 2.14 2.02 1.89 1.98 1.99 2.03 1.84 1.80 1.85
TiO, 0.41 0.39 0.41 0.36 0.34 0.26 0.26 0.32 0.39 0.30 0.21 0.24
MnO 0.07 0.04 0.04 0.04 0.04 0.03 0.04 0.04 0.04 0.04 0.03 0.03
LOI 8.03 2.38 3.76 2.50 225 1.93 2.02 232 2.75 220 1.59 1.60
CIA 51.71 51.15 50.95 48.88 50.03 49.90 49.52 50.51 51.02 51.10 52.65 51.63
Li 349 185 18.1 124 15.8 142 14.9 16.2 16.2 16.6 13.7 14.0
Be 1.56 1.13 1.23 1.14 1.49 1.07 1.28 1.64 1.27 1.49 1.26 1.33
Sc 7.75 5.49 6.28 5.08 5.19 4.31 4.48 5.24 5.64 4.97 4.26 430
\ 58.8 45.1 43.4 34.9 324 28.2 28.5 335 349 41.6 332 28.7
Cr 169 433 421 26.6 324 21.1 17.4 31.1 40.0 40.0 242 25.1
Co 10.1 543 6.41 4.85 5.66 4.33 4.65 5.41 5.39 5.23 4.48 4.69
Ni 20.7 12.4 14.4 13.6 111 9.27 9.70 14.2 12.1 109 9.34 9.76
Cu 135 8.76 142 7.59 8.72 7.17 7.39 8.60 8.89 7.97 6.92 7.28
Zn 45.2 279 320 238 26.0 222 222 26.9 29.9 245 19.8 23.1
Ga 12.6 9.02 9.84 9.20 8.95 7.75 8.06 9.06 9.12 8.35 7.30 7.71
Rb 72.0 67.9 71.9 74.0 74.4 64.6 68.4 72.8 69.9 69.2 64.3 65.2
Sr 476 169 212 227 189 166 183 183 176 168 149 156
Y 14.5 12.1 153 12.5 121 9.27 9.97 11.4 12.8 11.2 8.74 8.98
Mo 1.66 0.384 0.327 0.422 0.168 0.149 0.233 0.853 0.321 0.196 0.130 0.085
cd 0.060 0.095 0.072 0.041 0.063 0.043 0.041 0.051 0.057 0.044 0.058 0.052
Sb 0.460 0.718 0.686 0.485 0.679 0.532 0.570 0.648 0.699 0.727 0.501 0.565
Cs 4.97 2.99 3.17 2.38 3.20 2.70 2.83 3.15 3.16 3.28 2.67 273
Ba 533 454 497 629 530 469 517 503 447 435 458 462
Tl 0.462 0.439 0.374 0.443 0.480 0.387 0.398 0.386 0.387 0.420 0.397 0.408
Pb 14.6 13.6 13.8 14.0 15.0 13.0 13.5 14.4 141 13.4 12.7 13.1
Bi 0.105 0.116 0.335 0.099 0.131 0.104 0.091 0.152 0.136 0.125 0.089 0.103
Th 522 5.33 5.81 532 4.90 441 3.84 5.09 545 4.67 3.68 4.03
U 1.60 1.15 1.36 1.10 1.09 0.879 0.871 1.14 1.20 1.02 0.855 0.830
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Table 1 (continued)

Samples ML14 K1 K2 K3 K4 K5 K6 K7 K8 K9 K10 K11
Nb 7.37 741 8.46 7.10 7.55 522 5.68 6.89 7.49 5.94 4.17 4.85
Ta 0.491 0.624 0.619 0.543 0.879 0.442 0.410 0.529 0.624 0.481 0324 0.382
Zr 170 216 278 269 182 147 135 167 214 147 93.3 109
Hf 4.50 5.77 7.26 6.53 4.67 3.73 3.56 4.56 5.76 3.88 2.64 2.92
La 23.0 16.6 21.0 18.6 16.2 13.1 13.1 16.1 18.0 15.6 113 12.7
Ce 41.2 31.6 38.3 334 30.2 24.0 23.6 29.9 332 28.1 20.5 23.0
Pr 492 371 4.59 397 3.53 2.82 2.77 342 3.92 3.30 2.39 2.71
Nd 189 143 17.7 153 13.8 10.9 10.7 132 15.1 12.6 9.29 10.5
Sm 334 2.71 3.28 2.74 2.55 2.02 1.98 2.46 2.78 2.31 1.75 1.98
Eu 0.767 0.588 0.738 0.593 0.553 0.461 0.510 0.563 0.613 0.554 0.479 0.441
Gd 2.77 2.24 2.79 2.30 2.27 1.77 1.69 1.93 2.36 1.98 1.52 1.62
Tb 0.468 0411 0.516 0.419 0.380 0.276 0.307 0.378 0.403 0.357 0.258 0312
Dy 2.53 2.20 2.90 213 2.06 1.74 1.81 2.10 2.12 2.03 1.54 1.69
Ho 0.480 0.425 0.504 0.418 0.401 0.328 0.321 0.425 0.443 0.364 0.307 0.331
Er 141 1.29 1.61 135 1.25 1.02 1.02 1.22 1.29 1.11 0.951 0.901
Tm 0.268 0.222 0.266 0.215 0213 0.150 0.186 0.221 0.229 0.201 0.163 0.165
Yb 1.62 138 1.61 1.47 133 1.02 0.995 1.20 1.48 1.25 0.940 0.992
Lu 0.219 0.185 0.247 0.217 0.207 0.162 0.146 0.201 0.212 0.177 0.150 0.142
Eu/Eu* 0.78 0.73 0.75 0.73 0.71 0.75 0.86 0.79 0.74 0.80 0.90 0.76
Th/U 3.26 4.63 427 4.84 4.50 5.02 441 4.46 4.54 458 430 4.86
SREE 101.9 77.9 96.1 83.1 74.9 59.8 59.1 73.3 82.2 69.9 51.5 57.5
Samples K12 K13 K14 KF1 KF2 KF3 KF4 KF5 KF6 KF7 KF8 KF9
Si0, 77.12 77.22 78.77 74.02 73.38 70.31 70.35 71.93 73.01 7341 73.71 67.09
Al,03 9.06 8.63 8.25 9.84 9.45 9.88 9.82 9.51 9.61 9.86 9.97 9.81
Fe,05 234 2.63 2.10 3.15 2.65 3.97 4.07 3.13 2.85 3.12 3.30 5.19
Ca0 2.62 2.93 2.76 3.24 430 4.77 4.81 4.61 443 3.20 3.40 5.67
MgO 0.93 0.96 0.92 117 1.15 1.34 1.27 1.21 1.12 1.16 1.27 1.50
K;0 1.96 1.76 1.85 1.88 1.93 1.88 1.82 1.84 1.90 1.93 1.97 1.79
Na,O 1.99 1.83 1.79 2.09 2.07 2.07 2.05 2.01 2.08 2.08 2.09 1.90
TiO, 0.38 0.38 0.30 0.58 0.47 0.80 0.78 0.54 0.47 0.53 0.58 0.87
MnO 0.04 0.05 0.04 0.06 0.05 0.08 0.09 0.06 0.06 0.06 0.06 0.10
LOI 2.53 2.93 3.06 2.90 4.08 3.89 441 4.73 4.68 3.56 3.99 5.36
CIA 51.09 52.11 51.09 52.46 51.48 52.75 52.97 52.48 51.90 52.45 52.52 54.49
Li 18.5 16.9 184 22.0 19.0 189 21.9 20.7 21.4 21.7 209 23.2
Be 0.850 1.37 0.952 1.27 1.22 0.943 1.71 0.934 1.37 136 1.52 1.20
Sc 6.35 6.66 522 8.71 7.24 9.23 10.1 831 7.36 7.98 8.10 113
\Y 394 48.2 394 59.9 48.5 76.9 744 57.3 51.2 58.2 58.6 101
Cr 43.8 54.6 36.3 87.2 445 91.5 97.6 70.3 57.8 60.7 65.6 178
Co 5.72 6.50 517 7.91 6.71 8.73 9.75 7.70 7.47 7.55 7.24 11.0
Ni 13.1 13.0 11.7 222 15.9 204 21.1 18.9 17.9 18.3 17.6 244
Cu 8.63 9.08 8.94 13.8 135 189 193 13.9 14.2 13.0 14.0 174
Zn 303 28.8 27.7 435 36.2 455 48.2 39.8 38.4 413 424 54.9
Ga 9.42 9.01 8.66 11.0 104 115 11.8 104 10.5 10.6 10.8 124
Rb 73.1 67.0 68.7 70.9 67.9 66.8 69.2 68.8 71.0 71.7 68.6 70.0
Sr 188 188 174 192 206 207 222 209 208 189 177 221
Y 129 14.1 11.8 17.2 16.4 20.3 229 17.7 16.3 16.7 175 25.6
Mo 0.181 0.253 0.204 1.10 0.285 0.448 0.471 0.366 0.386 0.382 0.409 0.540
cd 0.068 0.059 0.037 0.148 0.060 0.061 0.151 0.128 0.057 0.060 0.048 0.134
Sb 0.655 0.763 0.683 0.841 0.828 0.935 0.991 0.996 0.910 0.795 0.881 135
Cs 332 3.28 3.20 3.65 3.26 330 3.64 3.60 3.63 3.67 3.50 3.96
Ba 481 428 449 449 448 432 457 434 457 449 396 404
Tl 0.427 0.434 0.448 0.433 0.368 0.391 0.419 0.400 0.375 0371 0.378 0.386
Pb 14.1 139 139 15.2 13.0 14.7 16.9 14.8 153 153 15.5 18.8
Bi 0.126 0.155 0.151 0.197 0.151 0.224 0.261 0.187 0.196 0.179 0.198 0.304
Th 5.29 5.27 5.05 6.83 6.60 9.40 9.23 7.12 6.48 7.53 8.41 11.2
§) 1.26 1.19 1.17 1.47 143 1.84 1.80 143 1.32 1.47 1.69 2.20
Nb 7.94 8.28 6.24 12.0 9.55 14.6 16.6 113 104 11.1 114 17.8
Ta 0.625 0.638 0.539 0.862 0.744 1.15 1.27 0.881 1.03 0.844 0.945 1.52
Zr 246 195 157 155 149 245 213 161 116 135 181 235
Hf 6.87 5.22 422 4.16 3.97 6.63 5.57 4.49 3.25 3.42 4.78 5.82
La 17.2 16.9 15.7 232 23.7 309 31.0 23.5 224 243 26.5 35.5
Ce 32.0 31.0 29.1 444 433 58.2 59.4 44.0 424 46.0 50.4 67.3
Pr 3.78 3.70 3.41 5.26 5.26 7.09 7.18 5.28 5.12 541 5.94 8.23
Nd 14.7 14.4 13.1 204 204 273 275 20.0 19.8 204 229 31.2
Sm 2.71 2.72 2.52 3.79 3.74 476 5.08 3.70 3.75 3.76 423 5.89
Eu 0.672 0.642 0.591 0.742 0.762 0.932 0.918 0.730 0.704 0.789 0.842 0.995
Gd 2.36 2.51 2.10 3.27 3.01 4.12 3.97 334 2.80 3.08 3.45 4.86
Tb 0.412 0.429 0.393 0.625 0.524 0.740 0.735 0.544 0.537 0.586 0.629 0.967
Dy 2.40 2.49 2.01 2.93 2.90 3.71 3.67 2.82 2.73 2.90 3.04 437
Ho 0.463 0.501 0.403 0.587 0.583 0.736 0.734 0.633 0.595 0.591 0.673 0.912
Er 1.40 1.47 1.22 1.80 1.58 2.07 222 1.69 1.47 1.67 1.83 2.52
Tm 0.265 0.227 0.195 0.317 0.318 0.352 0.365 0.302 0.306 0.294 0.337 0.445
Yb 1.60 1.53 1.13 1.94 1.76 2.34 2.34 1.83 1.70 1.80 2.13 2.67
Lu 0.203 0.224 0.179 0.262 0.216 0.321 0.305 0.233 0.208 0.233 0.254 0.350

(continued on next page)
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Samples K12 K13 K14 KF1 KF2 KF3 KF4 KF5 KF6 KF7 KF8 KF9
Eu/Eu” 0.82 0.76 0.79 0.65 0.70 0.65 0.63 0.64 0.67 0.71 0.68 0.57
Th/U 4.20 443 432 4.65 4.62 5.11 5.13 4.98 491 5.12 4.98 5.09
>REE 80.2 78.7 72.1 109.5 108.1 143.6 145.4 108.6 104.5 111.8 123.2 166.2
Samples KF10 KF11 KF12 KF13 KF14 KS1 KS2
Si0, 69.26 67.05 71.58 61.03 69.76 59.87 43.26
Al,O3 10.14 9.93 9.78 9.63 9.73 14.02 10.15
Fe,03 4.68 5.73 3.67 8.11 4.10 3.65 4.75
Ca0o 5.09 5.54 4.25 7.16 533 4.71 18.27
MgO 1.53 1.49 1.37 1.81 1.58 2.79 1.67
K,0 1.84 1.77 1.83 1.65 1.87 2.80 2.16
Na,O 1.99 1.93 2.00 1.69 1.91 1.40 1.53
TiO, 0.82 1.02 0.71 1.35 0.69 0.81 0.43
MnO 0.10 0.11 0.07 0.15 0.08 0.06 0.08
LOI 4.89 4.89 4.16 6.47 5.25 9.69 17.83
CIA 54.27 54.56 53.31 56.71 53.92 64.71 57.91
Li 22.7 259 21.0 23.1 21.6 19.4 214
Be 1.23 1.55 0.92 1.12 1.32 1.15 1.39
Sc 10.5 11.9 9.40 15.0 10.0 11.0 8.52
\4 83.2 112 69.4 161 74.7 87.7 62.7
Cr 135 220 104 333 122 145 138
Co 10.1 11.8 8.35 14.2 8.95 14.0 10.3
Ni 234 26.9 203 309 223 21.1 21.0
Cu 15.6 17.8 13.5 22,0 19.9 121 10.0
Zn 499 60.3 47.2 71.6 49.9 57.1 41.7
Ga 119 13.6 11.5 14.0 11.7 16.6 12.8
Rb 67.0 70.9 68.8 65.2 68.9 80.5 65.5
Sr 202 221 201 236 212 511 391
Y 224 31.1 209 334 21.0 18.8 223
Mo 0.537 0.596 0.579 0.782 0.495 1.02 1.13
Cd 0.147 0.105 0.101 0.078 0.129 0.059 0.160
Sb 1.13 1.30 0.983 2.00 1.04 0.082 0.137
Cs 3.62 3.89 3.69 3.83 3.71 294 3.49
Ba 391 422 419 351 397 746 642
Tl 0.380 0.379 0.405 0.398 0.339 0.484 0.34
Pb 16.7 18.7 13.8 228 15.8 9.53 12.4
Bi 0.262 0.286 0.204 0.491 0.243 0.070 0.079
Th 7.54 12.8 8.93 16.1 8.94 4.55 6.61
U 1.82 2,51 1.84 3.26 1.83 0.993 0.959
Nb 16.6 204 14.5 26.4 135 10.8 7.69
Ta 1.50 1.48 1.18 211 117 0.605 0.474
Zr 196 361 242 382 168 374 251
Hf 4.99 9.11 6.08 9.57 4.71 9.52 6.33
La 26.4 375 316 48.7 29.8 32.7 332
Ce 50.2 71.2 60.2 93.0 55.6 64.1 59.5
Pr 6.09 8.51 7.08 113 6.69 7.97 7.23
Nd 232 323 26.8 43.1 25.5 325 28.7
Sm 441 6.09 494 8.05 4.62 5.85 5.16
Eu 0.928 1.21 0.882 1.29 0.916 1.37 1.19
Gd 4.08 5.47 3.71 6.78 4.05 4.63 4.49
Tb 0.741 1.06 0.723 1.32 0.759 0.707 0.750
Dy 3.90 532 3.59 6.02 3.60 3.61 3.81
Ho 0.766 1.16 0.714 1.25 0.735 0.622 0.711
Er 2.16 2.98 1.95 3.36 1.97 1.85 2.07
Tm 0.363 0.496 0.325 0.602 0.372 0.284 0.348
Yb 2.58 3.47 221 3.79 223 1.79 1.92
Lu 0.332 0.459 0.305 0.427 0.280 0.259 0.279
Eu/Eu* 0.67 0.64 0.63 0.54 0.65 0.81 0.76
Th/U 4.14 5.10 4.85 4.94 4.89 4.58 6.89
SREE 126.2 177.2 145.0 229.0 137.1 158.2 149.4

patterns of bulk and fine aeolian sand samples from the Kubuqi Desert
are quite consistent, but with obviously higher Sb and Cr concentrations
than those in sandstone samples of the region (Fig. 4).

Ratios of trace elements may provide references for estimation of
source areas. The element La and Th show a good linear relationship
for many sediments and rocks, with La/Th ratios varying between 1
and 10 (Fig. 5a). Aeolian sand in the western Maowusu Sandy Land
and the Kubuqi Desert have an average La/Th ratio of 3.2, slightly higher
than the UCC (McLennan, 2001). Sandstones and lacustrine sediment
samples have La/Th ratios fluctuating around 5, similar to those of aeo-
lian sand samples in the eastern Maowusu Sandy Land. Plots of Th/Co vs.
La/Sc diagram have been used to differentiate between silicic and basic

sources (Cullers, 2002). Co and Sc are enriched in basic rocks, whereas
Th and La are enriched in felsic rocks. In addition, La-Th-Sc ternary
plots are effective in provenance analysis (Taylor and McLennan,
1985; Cullers, 2002). All samples in our study fall into the areas of silicic
rocks in both diagrams (Fig. 5b, c), thus suggesting a silicic origin. Cr and
Ni are enriched in mafic rocks, whereas Y and V are enriched in felsic
rocks. Thus, on a Y/Ni vs. Cr/V diagram, mafic-ultramafic rocks such as
ophiolite plot with lower Y/Ni and higher Cr/V, while felsic rocks such
as granite plot with higher Y/Ni and lower Cr/V (Amorosi et al., 2002).
Samples collected in the Maowusu and Kubugi occupy different fields
in the Y/Ni vs. Cr/V diagram (Fig. 5d). Lacustrine sediments and sand-
stones show a wide variation. Some samples have lower Y/Ni and higher
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Fig. 4. UCC-normalized distribution patterns of trace elements for all samples in the Ordos Deserts. UCC values from McLennan (2001).
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Cr/V, others have higher Y/Ni and lower Cr/V. Aeolian sands in the east-
ern Maowusu plot in similar areas with sandstones and lacustrine sed-
iment, while aeolian sands in the western Maowusu and Kubugqi show
quite consistent Y/Ni and Cr/V ratios. Most samples fall close to the
granite end member, with the amount of ultra-mafic fraction < 5%
(Amorosi et al., 2002). Therefore, aeolian sands in the Ordos Deserts
have a silicic crustal origin.

4.3. Rare earth elements (REE)

Of all the samples collected in the Maowusu Sandy Land, the mean
total REE contents are quite different between the eastern and the west-
ern provinces, i.e., 78.6 ppm in bulk sand samples from the eastern
province and 56.4 in bulk sand samples from the western province.
The mean total REE concentrations are 96.6 ppm in the sandstone sam-
ples and 72.1 ppm in lacustrine sediments of the Maowusu. The fine
fractions have significantly higher REE concentrations than bulk sand
samples, with an average of 275.5 ppm in eastern and 177.5 ppm in
western area. The samples of Kubuqi Desert show a mean total REE of
72.6 ppm in bulk sand samples, 138.2 ppm in fine fractions and
153.8 ppm in sandstone samples (Table 1).

The chondrite-normalized distribution patterns of all samples show
steep light-REE and flat heavy-REE, identical with that of UCC (Fig. 6).
Sand samples of the western Maowusu Sandy Land and the Kubugqi
Desert have negative Eu anomalies, with Eu/Eu* values from 0.71 to
0.90. Eu anomalies are more negative (i.e. lower) in the fine fractions,
with average Eu/Eu* values of 0.56 in the eastern Maowusu, 0.57 in
the western Maowusu and 0.64 in the Kubugqi Desert. Large variations

of Eu anomalies occur in lacustrine and sandstone samples of the
Maowusu, and also in the sand samples of the eastern province
(Table 1). About half of these samples have slightly negative Eu anoma-
lies, while other samples have no obvious or even positive Eu anomalies
(Table 1 and Fig. 6). Lower Eu anomalies in aeolian sand samples of the
western Maowusu may suggest a depletion of feldspar. This is consis-
tent with the major element compositions (Fig. 3), indicating that the
aeolian sand samples in the western Maowusu have lower contents of
A1203. K;0 and Na,O.

The Eu/Eu* values are anti-correlated with the total REE in the same
kinds of samples, especially between fine fractions and their bulk aeo-
lian samples, i.e., the higher the total REE, the lower the Eu/Eu* value
(Fig. 7).

5. Discussion
5.1. Provenances of aeolian sands in the eastern Maowusu Sandy Land

Mineralogical maturity is defined as a compositional state of a clastic
sediment body with regard to its concentrations of resistant minerals,
mainly quartz (Blatt et al., 1972; Pettijohn et al., 1972), which can pro-
vide new insights in the origin and evolution of sediments (Muhs, 2004;
Mubhs et al., 2013). Mineralogical maturity can be illustrated by a dia-
gram of log(Na,0/K,0) vs. log(SiO,/Al,03), where the Na,0/K50 is a
measure of the plagioclase to K-feldspar ratio while SiO,/Al,05 is a mea-
sure of quartz to total feldspar (Pettijohn et al., 1972). Sediments with
higher degree of mineralogical maturity have higher log(SiO,/Al,03)
and lower log(Na,0/K,0) (Muhs et al., 2013).
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Fig. 6. Chondrite-normalized REE patterns for all samples in the Ordos Deserts. UCC values from McLennan (2001).

Aeolian sands of the western Maowusu Sandy Land show signifi-
cantly higher log(SiO,/Al,03) compared with those of the eastern prov-
ince, indicating that they contain more quartz and less feldspar. Fine

fractions are mineralogically immature relative to bulk sand samples.
Aeolian sands of the eastern Maowusu Sandy Land have a similar com-
positional range as the sandstones and lacustrine sediments nearby.
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Fig. 7. Diagrams of Eu/Eu* vs. Y_REE for all samples in the Ordos Deserts. UCC values from McLennan (2001). Supplementary data for sandstones in the Kubugi Desert from Rao et al. (2011a).
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Notably, both the bulk aeolian sand samples and their fine fractions of
the Kubugqi Desert have a similar degree of mineralogical maturity as
those of the western Maowusu (Fig. 8).

Several factors may explain the different degree of mineralogical
maturity of aeolian sands in the eastern and western Maowusu Sandy
Land. Certainly, sources have a great influence in this regard
(Pettijohn et al., 1972; Muhs, 2004; Muhs et al., 2013). Desert sands
with high degree of mineralogical maturity may simply inherit their
composition from quartz-rich sedimentary bodies or rocks (Muhs,
2004). Chemical and physical weathering during the production, trans-
portation and deposition can also result in reduction of feldspar and
lithic particle abundance, and hence cause greater mineralogical matu-
rity (Dutta et al., 1993; Nesbitt et al., 1996, 1997). However, the pro-
cesses of chemical weathering are very slow and need a long time
even in favorable climatic conditions. The average CIA values of aeolian
sands are 52.5 in the eastern Maowusu and 53.1 in the western
Maowusu, suggesting minimal chemical weathering. Although it is
more humid in the eastern Maowusu Sandy region, it seems that chem-
ical weathering is not the main cause for the difference between eastern
and western province because the average CIA is higher in the drier
region.

Physical weathering and associated deflation are likely to have anin-
fluence on the composition and mineralogy of aeolian sands in arid and
semi-arid areas (Muhs, 2004). Laboratory experiments show that
K-feldspar may break into silt sizes during ballistic impacts under strong
winds (>10 ms™!) (Dutta et al., 1993), and silt-sized K-feldspar grains
are then removed from a dune field by deflation, leaving a sand-sized
quartz-rich residue. Crouvi et al. (2012) reported that aeolian abrasion
should be the primary mechanism in dust production of sand deserts.
However, the effect of aeolian abrasion during transport may have
been overestimated (Garzanti et al., 2012; Garzanti et al., 2015), and
mechanical processes can be held responsible for only minor composi-
tional changes even after aeolian transport over distances of many hun-
dred kilometers (Garzanti et al., 2012).

Abrasion and impacts during fluvial transport may also have influ-
ences (Pittman, 1969; Cameron and Blatt, 1971), because these pro-
cesses will result in size reduction of feldspar and other minerals with
low hardness. Silt-sized particles of feldspar remain in suspension and
then are carried downstream, improving mineralogical maturity of de-
trital sand-sized fluvial sediments (Muhs, 2004). But a great number
of studies have shown little change in the amount of quartz relative to
feldspar or lithic fragments as a function of distance downstream in
most rivers (Hayes, 1962; Nesbitt and Young, 1996), and the supply of
local sediments is generally regarded to be responsible for downstream
changes in the relative abundances of different minerals (Hayes, 1962).
Most rivers in the Maowusu are seasonal and have limited runoff, hence
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they should have little influence on mineralogical maturity. Thus, differ-
ent provenance rather selective chemical and physical weathering and
deflation is inferred to be the most important factor that results in dif-
ferent degree of mineralogical maturity between aeolian sands in the
eastern and western Maowusu.

Different Eu anomalies and REE contents also occur between the ae-
olian sand samples of the eastern and western Maowusu Sandy Land
(Figs. 6, 7). Two possible mechanisms may cause such distinct variation
of Eu anomalies in aeolian sediments via mineralogical differentiation,
i.e., wind sorting and different provenance. Wind sorting may result in
enrichment of heavy minerals and depletion in feldspar, quartz and
lithic fragments (Garzanti et al., 2012), and thus produces aeolian
sands with high total REE contents and low Eu/Eu* values. However,
as shown in Fig. 7a, aeolian sand samples in the western Maowusu
have similar total REE contents but clearly lower Eu/Eu* values com-
pared with those in the eastern Maowusu, excluding obvious wind im-
pact on mineralogical differentiation. Thus, we consider different
provenance also as the most likely reason for the differences in Eu
anomalies between the aeolian sand samples of the eastern and western
Maowusu.

Aeolian sands in the eastern Maowusu Sandy Land have a similar de-
gree of mineralogical maturity, Eu anomalies, and La/Th values in com-
parison with sandstones and lacustrine sediments, suggesting a genetic
link between them. Sandstones of different geological periods and la-
custrine sediments of dry lakes are widely distributed in the Maowusu
and southern Kubugqi (Zhu et al., 1980; Rao et al,, 2011a, 2011b). Their
weak cementation makes them easily weathered and produces large
quantities of sand-sized particles, that may provide plentiful detrital
materials for aeolian entrainment (Zhu et al., 1980; Rao et al., 2011a,
2011b; Stevens et al., 2013). As shown in Fig. 9, most aeolian sands of
the eastern Maowusu are placed in the same field as sandstones and la-
custrine sediments, reconfirming that underlying sandstones and local
lacustrine sediments are their main sources. However, aeolian sands
in the western Maowusu and Kubugi have similar degrees of mineralog-
ical maturity and REE compositions, and only a small number of them
fall into the field of sandstones and lacustrine sediments (Figs. 7, 8, 9),
supporting the interpretation that the aeolian sands in the western
Maowusu and Kubugi may have the same external sources but the un-
derlying sandstones and lacustrine sediments are not their primary
sources.

In general, fine fractions of aeolian sands have higher total REE,
lower Eu/Eu* and mineralogical maturity than their bulk samples
(Figs. 7, 8). However, fine fractions have trace element compositions
similar to bulk aeolian sand samples, except for their Eu/Eu* values
(Fig. 10). It is likely that mineralogical differentiation during wind-
sorting rather than difference in provenance causes the difference in
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Fig. 8. Plots of Log(Na,0/K;0) vs. Log(Si0,/Al,05) for sediments in the Ordos Deserts. UCC (Taylor and McLennan, 1985; McLennan, 2001).
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Fig. 9. Plots of Eu/Eu* vs. (La/Yb)y (a) and La/Th vs. (Gd/Yb)y (b) for sediments in the Ordos Deserts. Supplementary data for sandstones in the Kubuqi Desert from Rao et al. (2011a).

Eu/Eu* values and mineralogical maturity between the fine and bulk ae-
olian sand samples. As the case in other deserts demonstrates, the fine
fractions of aeolian sands are often made up of sediments from various
origins due to mixing during aeolian transportation, also causing differ-
ences in geochemical characteristics between the fine fractions and
their contiguous bulk samples (Yang et al., 2007b).

5.2. Provenance of aeolian sands in the western Maowusu Sandy Land and
the Kubugqi Desert

Grain size data for aeolian sands in the western Maowusu Sandy
Land and the Kubugi Desert show that most aeolian sand samples con-
tain <5% silt and clay (Shu et al., 2016; Yang et al., 2016), and particles
coarser than silt are transported for much shorter distances than silts
(Zhu et al., 1981; Yang et al., 2007b). Previous provenance studies sug-
gested that detritus produced by tectonic activities, glacial grinding,
frost weathering, salt weathering, and fluvial comminution are impor-
tant sources of Quaternary aeolian deposits (Yang, 1991; Goudie,
2002; Stevens et al., 2013), and rivers play significant roles in
transporting debris from source areas to deposition areas (Liu and
Yang, 2013; Stevens et al., 2013; Lancaster et al., 2015; Hu and Yang,
2016; Yang and Eitel, 2016). The Helan Mountains and the Yinshan
Mountains lie in the upwind direction of the Ordos Deserts on the
other side of the Yellow River (Figs. 1, 2), and their mountainous

processes may produce mass detritus for the desert sands. However,
significant differences in trace element compositions rule out sediments
from the Helan Mountains and the Yinshan Mountains as sources of
sands in the western Maowusu Sandy Land and the Kubuqi Desert
(Fig. 114, b). Felsic rocks of the Helan Mountain have much higher
(La/Yb)n, (Gd/Yb)y and slightly lower La/Th values, while felsic rocks
of the Yinshan Mountain have higher (La/Yb)y, (Gd/Yb)y and La/Th
values. The Yellow River, characterized by abundant fluvial deposits,
also lies upwind of the Ordos Deserts (Fig. 2). Its fluvial sediments
have similar trace element characteristics to the aeolian sands in the
western Maowusu and Kubugqi (Fig. 11¢, d), suggesting that fluvial sed-
iments of the Yellow River are likely the primary sources for the western
Maowusu Sandy Land and the Kubugqi Desert, and the rocks providing
sediments for the Yellow River are their original sources.

In light of geological and geographical features, the Yellow River can
be divided into the upper, the middle and the lower reaches (Ran et al.,
2009). The upper section of the Yellow River can be subdivided into two
different parts. The section above Qingtong Gorge is characterized by
erosional processes and the river course below Qingtong Gorge is char-
acterized by fluvial deposition (Ran et al., 2009) (Fig. 1). Because of the
high topographic gradient in the upper section, the river flows rapidly
and produces deep canyons and transports large amounts of sediment
downstream (Ran et al., 2009; Su, 2013). Downstream of Qingtong
Gorge, the Yellow River leaves the northeastern Tibetan Plateau. The
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Fig. 10. Plots of Eu/Eu* vs. (La/Yb)y (a), La/Th vs. (Gd/Yb)y (b) for fine fractions and their bulk aeolian samples in the Ordos Deserts.
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Fig. 11. Bivariate diagrams of trace and rare earth element ratios of samples from the Ordos Deserts and the sediments of the Ningxia-Inner Mongolian section along the Yellow River,
compared with their potential source areas. HL refers to the data from rocks in the Helan Mountains (Li et al., 2013; Liu et al., 2016); YS marks the data from rocks in the Yinshan Mountains
(Yanetal, 2001; Lin, 2011).YR—Fluvial sediments in the Ningxia-Inner Mongolian section of the Yellow River (data from Rao et al., 2011a); BY—Felsic rocks on the north side of the Bayan
Har Mountains (Fig. 1) (data from She et al., 2006); TNH—Rocks around the Tangnaihai hydrological station (Fig. 1) (data from Fang, 2010).

reduced fluvial gradient downstream of the Tibetan Plateau results in
considerable sediment deposition (Shi et al., 2013; Su, 2013), especially
sand-sized particles (Ran et al., 2009). This provides abundant potential
material for aeolian reworking and transportation, aided by the arid and
semi-arid climate in this region. Thus, it is reasonable to deduce that

detrital materials brought from the NE Tibetan Plateau by the Yellow
River, deposited in the Ningxia-Inner Mongolian section, are the pri-
mary provenance of the aeolian sands in the western Maowusu and
Kubugji, thus supporting our interpretation of trace element data. The
similar zircon age profiles of the sediments in the western Maowusu,
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the Loess Plateau and the Yellow River can be seen as another line of ev-
idence (Stevens et al., 2013). In its upper reaches, the Yellow River flows
through several geotectonic units, including the Young Tibetan Fault
Block in its source areas upstream of Longyang Gorge (Fig. 1), and the
Qilian Mountains downstream of Longyang Gorge (Fig. 1) (Shi et al.,
2013). The Young Tibetan Fault Block and the Qilian Orogenic Belt
both belong to the Northern Tibetan Plateau, and thus are expected to
have similar detrital zircon U-Pb age profiles.

However, the Young Tibetan Fault Block may not supply much sed-
iment to the western Maowusu Sandy Land and the Kubugi Desert. The
annual average sediment load at Tangnaihai station (Fig. 1), located
close to Longyang Gorge, is much lower than that of Lanzhou (<20%)
station (Zheng and Luo, 1998; Su, 2013; Zheng et al., 2013), indicating
that not much sediment from the Young Tibetan Fault Block has been
transported to the Ningxia-Inner Mongolian section of the Yellow
River, as the data of trace element ratios indicate (Fig. 11e). Compared
with aeolian sands of the western Maowusu Sandy Land and the Kubugi
Desert, rocks from the north side of the Bayan Har Mountains (Fig. 1)
have much higher Zr/Hf values, while rocks around Tangnaihai station
have slightly lower Zr/Hf values. Fluvial sediments of the Yellow River
collected near the Tangnaihai station (Fig. 1) have similar trace element
ratios with rocks nearby, suggesting a local provenance for the sedi-
ments near the station. Both low sediment load and different Zr/Hf
values exclude the Young Tibetan Fault Block as key source areas for
the aeolian sands in the western Maowusu nor for those in the Kubugi.
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Downstream of Longyang Gorge, the Yellow River flows between
the western Qinling Orogenic Belt and the Qilian Orogenic Belt (Shi
et al,, 2013; Fig. 1). The mean annual sediment load between Longyang
Gorge (Fig. 1) and Qingtong Gorge (Fig. 1) along the Yellow River shows
a steady increase downstream (Su, 2013; Zheng et al., 2013), indicating
that sediments deposited downstream of Qingtong Gorge (Fig. 1)
should have their sources mainly from this region. Therefore, the
western Qinling Orogenic Belt and the Qilian Orogenic Belt are likely
to be the initial source areas of fluvial sediments in Ningxia-Inner
Mongolian section of the Yellow River, and ultimately the aeolian
sands in the western Maowusu and Kubugqi. Further identification can
be reached via comparison of trace elements and REE ratios of aeolian
sands and rocks in the potential source areas (Fig. 12). Though much
overlap exists between these two potential source areas, most aeolian
sand samples fall into the field of Qilian Orogenic Belt while only a
sub-set appear in the overlapping shadow, indicating the Qilian
Orogenic Belt is the most likely original source area for the aeolian
sands in the western Maowusu Sandy Land and the Kubugi Desert.

5.3. Further implications

Covering 400,000 km? areas, the Loess Plateau in the south of Ordos
Deserts has the thickest loess in the world (Liu, 1985) (Fig. 1). The prov-
enance of loess in the Loess Plateau has been a key aspect for deciphering
palaeoclimatic signals in this terrestrial record. Deserts in the up-wind
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Fig. 12. Bivariate diagrams of trace and rare earth element ratios of samples from the Ordos Deserts, compared with their potential source areas. QL marks the potential source areas of the
Qilian Orogenic Belt (Fig. 1) (data from Yan et al., 2010; Tung et al., 2013, 2016; Yu et al,, 2013, 2015; Huang et al., 2014); WQ marks the potential source areas of western Qinling Orogenic

Belt (Fig. 1) (data from Zhang et al., 2007; Zhu et al., 2011; Liu et al., 2012; Han et al., 2014).
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directions in northern and northwestern China, such as the Badain Jaran
Desert, the Tengger Desert, and the Ordos Deserts are all potential sources
(Fig. 1), but the roles of each desert in providing dust to the Loess Plateau
are still a matter of debate (Sun et al., 2007; Yang et al., 2009; Stevens
et al., 2013; Che and Li, 2013). Isotopic data suggested that the Alashan
Deserts, which include the Badain Jaran Desert, the Tengger Desert, the
Waulan Buh Desert (Fig. 1) were the main sources of loess on the Loess Pla-
teau (Sun et al,, 2007; Yang et al., 2009). Che and Li (2013) also proposed
that dust from the Alashan Deserts could be source of loess of the Loess
Plateau based on similar zircon U-Pb age spectra. However, other zircon
U-Pb age spectra indicate that loess on the Loess Plateau was mainly de-
rived from the Qaidam Basin and the northern Tibetan Plateau, possibly
transported by westerly winds (Pullen et al., 2011). In still other studies,
Stevens et al. (2013) suggested that fluvial sediments of the Yellow
River, carried from the northern Tibetan Plateau, might be the main prov-
enance of loess on the Loess Plateau.

Recent studies of the Badain Jaran Desert (Fig. 1) show that the aeo-
lian sands there originate mainly from the Qilian Mountains (Fig. 1) (Hu
and Yang, 2016). Our study also suggests the Qilian Orogenic Belt as the
origin of aeolian sands in the western Maowusu Sandy Land and the
Kubugi Desert, but with fluvial sediments of the Yellow River upwind
of these dune fields as the immediate source. As a consequence, the
Alashan Deserts, the Ordos Deserts and fluvial sediments of the Yellow
River may have similar ultimate source areas because of similar geo-
chemical compositions. Therefore, identification of aeolian sediment
sources should not be based solely on geochemistry, but with full atten-
tion to geomorphological aspects and wind data.

6. Conclusions

Our major and trace element data of aeolian sands in the Ordos
Deserts, supported by our field observations and wind data, enable us
to conclude that aeolian sands in the eastern and western Maowusu
Sandy Land have different sources. Aeolian sands in the western
Maowusu Sandy Land have higher mineralogical maturity, lower
Eu/Eu* and La/Th values, compared with those in the eastern Maowusu
Sandy Land. Different sources rather than mineralogical separation dur-
ing wind sorting are interpreted to be the cause of these geochemical
differences. Comparison of trace elements and REE ratios of aeolian sed-
iments in the Ordos Deserts with felsic rocks in their potential source
areas indicates that aeolian sands in the eastern Maowusu Sandy Land
are mainly sourced from the lacustrine sediments and underlying sand-
stones, while aeolian sands in the western Maowusu and Kubugi mainly
originate from fluvial sediments of the Yellow River in the upwind di-
rection, i.e., the Ningxia-Inner Mongolian section of the river course.
Though fine fractions in the aeolian sands of the Maowusu and Kubugqi
have obviously negative Eu anomalies compared with bulk sand sam-
ples, mineralogical separation during wind sorting rather than different
sources are interpreted to be the main reason for this difference. Con-
sidering the mean annual sediment loads and trace element ratios, we
suggest the Qilian Orogenic Belt is the ultimate source areas of fluvial
sediments in the Ningxia-Inner Mongolian section of the Yellow River,
and thus the original source of aeolian sands in the western Maowusu
Sandy Land and the Kubuqi Desert. Thus, dune fields that are not far
apart from one another can have significantly different sediment
provenance.
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