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Abstract The geochemical characteristics of acolian and
surface materials in potential source areas of dust are
frequently employed in environmental reconstructions as
proxies of past climate and as source tracers of aeolian
sediments deposited in downwind areas. However, varia-
tions in the geochemical characteristics of these aeolian
deposits that result from near-surface winds are currently
poorly understood. In this study, we collected surface
samples from the Ala Shan Plateau (a major potential dust
source area in Central Asia) to determine the influence of
aeolian processes on the geochemical characteristics of
acolian transported materials. Correlation analyses show
that compared with surface materials, the elements in
transported materials (e.g., Cu, As, Pb, Mn, Zn, Al, Ca, Fe,
Ga, K, Mg, P, Rb, Co, Cr, Na, Nb, Si, and Zr) were
subjected to significant sorting by aeolian processes, and
the sorting also varied among different particle size
fractions and elements. Variations in wind velocity were
significantly correlated with the contents of Cr, Ga, Sr, Ca,
Y, Nd, Zr, Nb, Ba, and Al, and with the Zr/Al, Zr/Rb, K/Ca,
Sr/Ca, Rb/Sr, and Ca/Al ratios. Given the great variation in
the geochemical characteristics of materials transported
under different aeolian processes relative to those of the
source materials, these results indicate that considerable
uncertainty may be introduced to analyses by using surface
materials to trace the potential source areas of aeolian
deposits that accumulate in downwind areas.
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1 Introduction

The transport routes taken by aeolian deposits from their
potential mineral dust source areas have been documented
previously, and pedogenesis effects, post-depositional
weathering, and variations in their geochemical character-
istics from source to deposition have been used to indicate
regional environmental change (Harrison et al., 2001;
Larrasoafia et al., 2003). At present, dust emissions from
Central Asia (e.g., Stevens et al., 2010; Pullen et al., 2011)
are considered the source of loess (e.g., Liu, 1985) and
particles in ice cores (e.g., Bory et al., 2003), and yield
evidence on atmospheric circulation and past climate
change (Hao and Guo, 2005; Sun et al., 2010).

After being subjected to post-depositional weathering
that may have influenced their particle size and geochem-
istry, aeolian deposits have been employed as proxies of
variations in the intensity of Asian monsoons (Chen et al.,
2007), and of precipitation, wind regimes, and chemical
weathering (Maher and Thompson, 1991; Yancheva et al.,
2007; Jeong et al., 2011). For instance, by examining
fluctuations in the concentrations of elements in snowpit
samples, Huang et al. (2013) suggested that Cu, Zn, Cd,
Hg, and Pb originated from remote regions. By analyzing
surface soil samples, Hao et al. (2010) showed that the
TiO,/Al,O5 ratio is a useful indicator of the sources of
loess deposits in southern China. Furthermore, Chen et al.
(2006) proposed that the Zr/Rb ratios of sequences are
sensitive to loess—paleosol alternations, while Sun and Zhu
(2010) suggested that the observed decrease in concentra-
tions of Cr, Cu, Co, Zn, and Ni in samples reflected
variations in the detrital source. Rodrigo-Gamiz et al.
(2011) reported that increases in aeolian proxies, such as
the Zr/Al, Si/Al, and Ti/Al ratios, indicate dryer conditions,
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while Weiss et al. (2002) found that the concentration
profiles of Mn, Sr, and Ca reflected the influence of
chemical diagenesis on underlying sediments. Ferrat et al.
(2012) showed that the vertical distributions of Al, Ti, Sr,
and Ca could be employed to indicate the degree of
influence of groundwater on element concentrations, and
that rare earth element and trace element ratios are useful
indicators of changing dust sources. In addition, Taylor and
McLennan (1985) and Lawrence and Neff (2009)
suggested that, with the exception of Na and sometimes
Ca, the geochemical composition of dust resembled the
composition of the upper continental crust for most major
elements, while Lawrence et al. (2013) reported that the
concentrations of elements such as Cd, Zn, Pb, and Cu
indicate that the accumulation of some elements in soil is
beyond what can be explained by local rock weathering.
Although these aeolian deposits have been widely used as
proxies in paleoclimate reconstructions, aeolian activity
has fluctuated considerably in the potential source areas
throughout the Quaternary (e.g., Sun et al., 2010), which
may have caused variations in both the contents and
compositions of acolian materials, with consequent effects
on the resolution and precision of paleoclimate reconstruc-
tions in downwind areas.

In addition, by comparing the geochemical character-
istics of surface materials sampled in the potential dust
source areas with those of aeolian deposits in downwind
areas, researchers have identified the potential source areas
of the deposits (e.g., Li et al., 2007; Rao et al., 2008; Yang
et al., 2009; Chen and Li, 2011). However, a recent study
has attributed considerable variations in the composition of
Acolian-transported materials to variations in the strength
of aeolian processes in the potential source areas of dust
(Wang et al., 2015). There is little information about the

nature of variations in the characteristics of aeolian
deposits attributable to variable near-surface wind
strengths. It is therefore important to gain an improved
understanding of the geochemical characteristics of
aeolian-transported materials, so as to identify the sources
of materials that form aeolian deposits. In this study,
therefore, we simulated the effects of aeolian processes on
typical surface source samples collected from potential
dust source areas in a series of wind-tunnel experiments to
determine the geochemical characteristics of transported
materials, to examine the influence of aeolian processes on
the geochemical characteristics of aeolian-transported
materials, and to verify the degree of uncertainty
associated with using surface materials to trace potential
dust sources areas of aeolian deposits.

2 Sampling sites, wind tunnel experiments,
and analytical methods

The sampling sites were located on the Ala Shan Plateau,
an extremely arid area of the Inner Mongolian Plateau,
Central Asia (Fig. 1). A more detailed description of the
study environment has been provided by Wang et al.
(2012a). This region is a potential source of highly
concentrated dust emissions (e.g., Wang et al., 2008) that
have been detected as loess and as aeolian material in ice
cores and lakes (e.g., Maher, 2011). We collected 15 bulk
surface samples from areas with no vegetation cover, no
biological or physical soil crusts, no human disturbance,
and with similar gravel coverage in each case. We
conducted wind-tunnel experiments at the Key Laboratory
of Desert and Desertification of the Cold and Arid Regions
Environmental and Engineering Research Institute at the
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Chinese Academy of Sciences, Lanzhou, Gansu Province,
China. Further details of the wind tunnel have been
provided in previous papers (e.g., Dong et al., 2004, 2007).
The experimental equipment is illustrated in Fig. 2, and
details of the methods are provided by Wang et al. (2012b).
In brief, a layer of each sample, about 2 cm thick, was
spread out in the working section of the wind tunnel. At a
distance of 30 cm downwind from the sample, a dust
collector, 30 cm high and the same width as the surface
samples, was installed downwind to collect transported
materials. Earlier test results indicated that the sampler
collects more than 95% of the transported materials. To
simulate the variations in near-surface wind velocity, the
experiments were conducted with an initial free-stream
wind velocity of 8 m/s; the velocity was then progressively
increased to 22 m/s in 2 m/s increments. For each run, we
stopped the sampling and collected materials in the
sampler until the surface particles were no longer moving.
In the experiments, sediment transport ceased within 360
and 60 s at wind velocities of 8 m/s and 22 m/s,
respectively.

The transported materials were collected from the dust
collector once the experiment had ended. The particle size
distribution of the transported material was determined
with a laser particle size analyzer (Mastersizer 2000,
Malvern Instruments, Malvern, UK). Concentrations of 26
elements and oxides (SiO,, Al,O;, Fe,O3, MgO, CaO,
Na,0, K,O0, P, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, As, Rb,
Sr, Y, Zr, Nb, Ba, Ce, and Pb) were determined by a fully
automated sequential wavelength-dispersive X-ray fluor-
escence (XRF) spectrometer (AXIOS, PANalytical)
equipped with a Super Sharp Tube for the Rh-anode,
with settings of 4.0 kW, 60 kV, 160 mA, and a 75 p UHT
Be end-window. Details of the sample preparation,
calibration of element concentrations, and analytical
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uncertainties have been described by Wang et al. (2012c,
2015). In addition, because a stronger wind will transport
not only the material that can actually be transported at that
wind velocity but also all the other material that can be
transported at lower wind velocities, we express all the
particle size fractions and elemental concentrations at a
given wind velocity as the weighted average values for the
materials collected at that wind velocity and all lower
velocities (Wang et al., 2012b). Therefore, the values
presented are the virtual values at each given wind
velocity.

3 Results and discussion

Particle size distributions of the surface and transported
materials under different wind velocities are shown in
Fig. 3. There were some differences among the particle
size distributions of the surface and transported materials,
which indicate that aeolian processes can result in
considerable sorting of the surface materials. In addition,
the results of correlation analysis between the particle size
fractions and the element concentrations of the source
surface material and transported materials are presented in
Table 1. There were no significant correlations between the
particle size fractions and the elemental concentrations of
the surface materials, except for As, Cu, Mn, Pb, and Zn,
which indicates that most elements were poorly sorted in
the surface samples. The differences in sorting may reflect
variations in the parent materials of these elements (e.g.,
Kasper-Zubillaga et al., 2007). However, compared with
the surface materials, the transported materials were
strongly sorted by aeolian processes (e.g., Livingstone et
al., 1999; Kasper-Zubillaga et al., 2013) and there were
variations in the degree of sorting of different particle size
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Fig. 2 Schematic diagram of (a) surface samples, and (b) the wind-tunnel and sampling setup during the wind-tunnel experiments.
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Table 1 Comparisons of correlation coefficient between elemental concentrations and the different particle-size fractions of the transported and

surface materials. Significant correlations are marked in bold

Elemental concentrations <2.5 um <10 um <20 um <50 um <200 um >200 um
Al,O3 Surface material .502 .502 479 .393 —.082 .082
Transported material 664" 640" 616" 593" -.027 027
As Surface material .662" .682" 672" 608" 193 —.193
Transported material 759" a1 771 765" 368" -.368"
Ba Surface material 154 148 137 .092 -.399 .399
Transported material 307" 280" 255" 214 —-.245" 245"
CaO Surface material 405 452 473 474 538 —.538
Transported material 256" 276" 295" 277" 407" —.407""
Ce Surface material —.015 —.051 —.058 —.064 355 —-.355
Transported material ~.162 —.155 —.141 ~.087 3307 -.330™"
Co Surface material —.264 —.311 —.324 —.328 -.039 .039
Transported material -.353" -.360"" -.358™ -.336" —.058 058
Cr Surface material —.123 —.117 —.110 —.100 475 — 475
Transported material -.270° -.267" -.262" -.209 366 -.366™
Cu Surface material 767 780" 767" 724" 318 - 318
Transported material 807" 794" 786" 818" 257" -.257"
Fe, 03 Surface material 410 420 415 387 .506 —-.506
Transported material 265" 260" 258" 310" 456" —.456""
Ga Surface material 223 242 227 139 -.014 014
Transported material 626" 599" 574" 563" ~.057 057
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(Continued)
Elemental concentrations <2.5um <10 pm <20 pm <50 pm <200 pm >200 pm
K,0 Surface material 177 .166 142 .063 —-.306 .306
Transported material 4817 448" 422" 402" —.142 142
MgO Surface material 475 487 487 .505 409 —.409
Transported material 465" 506" 534 556" S127 -.512"
Mn Surface material .684" 685" 672" 618" 284 —.284
Transported material 661" 660" 653" 672" 3517 -.351""
Na,O Surface material -.352 346 ~.336 - 313 ~.266 266
Transported material -.240" 213 —.202 -.240" -.242" 242"
Nb Surface material —.018 011 —.005 -.014 .544 —.544
Transported material -.232" 2217 214 —.164 444 —.444™
Nd Surface material 155 .168 170 153 .534 —.534
Transported material ~.203 181 —.169 —.125 464" —.464""
Ni Surface material .349 .356 362 .383 537 —.537
Transported material .007 022 037 102 434" —.434"
Pb Surface material 846" 866" 857" 8217 .100 ~.100
Transported material 720" 718" 709" .698"" 051 ~.051
P Surface material 442 452 457 460 .600 —.600
Transported material 415" 434" 442" 506" 476" —-.476"
Rb Surface material 535 550 542 507 .350 -.350
Transported material .604™" 599" 593" 636" 288" —.288""
Si0, Surface material —.439 488 ~.505 -.508 -.379 379
Transported material -.340"" 369" -.390"" -.353" -.273" 273"
Sr Surface material —.149 125 —.120 —.154 —.228 228
Transported material .004 .009 —.013 —.082 —.207 207
Ti Surface material 018 .022 .023 —-.012 568 —.568
Transported material —.120 118 —.120 -.084 456" —.456™"
A% Surface material 180 186 182 .149 486 —.486
Transported material 063 053 048 093 426" —.426"
Y Surface material —.050 044 —.043 -.079 519 -.519
Transported material —.151 141 -.136 —.089 452" —.452""
Zn Surface material 8517 885" 880" .835™ 390 ~.390
Transported material 576" 582" .580™" 576" 263" -.263"
Zr Surface material —-.367 353 —.346 —.365 419 —.419
Transported material —-.394" 390" -.387" -.358"" 367" -.367"

*Correlation is significant at the 0.05 level (2-tailed).
**Correlation is significant at the 0.01 level (2-tailed).

fractions and elements, which suggests that caution must
be exercised when surface materials are used to trace the
potential source areas of aeolian deposits. For example, in
addition to the elements mentioned above, the concentra-
tions of Fe, Ga, K, Mg, Al, Ba, Ca, P, and Rb were
significantly and positively correlated, and concentrations
of Co, Cr, Na, Nb, Si, and Zr were significantly and
negatively correlated, with the fine fractions of the aeolian-

transported materials. These results show that thorough
sorting of grains during aeolian processes results in
considerable differences in the composition of both the
surface and transported materials. This result reinforces the
need to carefully consider each particular situation before
using the element compositions of surface materials
collected in potential dust source areas to trace the source
of aeolian sediments of downwind areas.
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Variations in wind velocities also resulted in large
differences in the contents or ratios of some elements in the
aeolian-transported materials (Table 2). For instance, there
were significant positive correlations between wind
velocity and the Cr, Ga, Sr, Y, Zr, Nb, Ba, Nd, and Al
contents, and the Zr/Al, Zr/Rb, K/Ca, and Sr/Ca ratios, and
significant negative correlations between wind velocity
and Ca contents, and the Rb/Sr and Ca/Al ratios (Fig. 4 and
Table 2). Variations in near-surface winds that occurred in
different periods in the potential dust source areas may
therefore have changed the composition of transported
materials, thereby resulting in variations in the element
ratios of acolian sediments, with possible consequences for
the resolution and precision of paleoclimate reconstruc-
tions in downwind areas.

Furthermore, as the intensities of the aeolian processes
varied, the particle size class composition of the trans-
ported materials also varied. For instance, as the wind
velocity increased, the total contents of the fine fractions
with a diameter of <50 pm decreased, and the coarse
fractions with a diameter of >200 um increased (Fig. 5).
Because the stratigraphic sequences in downwind areas
consist mainly of the fine fractions of the transported
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materials, variations in the contents of the fine fractions
suggest that the resolution and precision of proxies of past
climate reconstructions based on these materials may also
be greatly influenced by variations in aeolian processes in
potential source areas of dust.

4 Conclusions

Variations in aeolian processes result in significant
differences between the contents of the fine fractions and
the geochemical characteristics of aeolian-transported
materials. Correlation analyses revealed that aeolian
processes had a significant influence on sorting of the
elements associated with the fine fractions of transported
materials, such as As, Cu, Mn, Pb, Zn, Al, Ca, Fe, Ga, K,
Mg, P, Rb, Co, Cr, Na, Nb, Si, and Zr. Wind velocity was
significantly correlated with the contents of Cr, Ga, Sr, Y,
Zr, Nb, Ba, Nd, and Al, and the ratios of Zr/Al, Zr/Rb, K/
Ca, Sr/Ca, Ca, Rb/Sr, and Ca/Al. These results show that
variations in aeolian processes in potential source areas of
dust may influence the composition of transported
materials; consequently, the application of surface

Normalized value

-05r

n L 1 " 1 " 1 L 1 L 1
10 12 14 16 18 20 22 24
Wind velocity/(m-s )

0.8

0.6

0.2}

Normalized value

-0.61 Ca/Al . . .
10 12 14 16 18 20 22 24
Wind velocity/(m-s ')

Fig. 4 Concentrations of selected elements and ratios in transported materials (average values of the 15 surface samples) at different

wind velocities.
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Table2 Pearson correlations between wind velocity and elemental concentrations of the transported materials. Significant correlations are marked in

Front. Earth Sci. 2018, 12(1): 86-94

bold

Element (Ratio) P Ti \Y% Cr Mn Co Ni Cu
Correlation 114 124 -.034 2447 059 -.042 022 111
Element (Ratio) Zn Ga As Rb Sr Y Zr Nb
Correlation -.011 386" -.019 108 365" 4517 485" 500"
Element (Ratio) Ba Ce Nd Pb SiO, Al,O3 Fe,03 MgO
Correlation 226" -.113 237" 116 056 353" -.190 -.124
Element (Ratio) CaO Na,O K,0 Na,0/CaO Si/Al Zr/Al Rb/Sr Sr/Ba
Correlation -272" -.139 153 163 .004 463" -.547"" .005
Element (Ratio) Zr/Rb Mg/Al Ca/Al K/Ca Sr/Ca

Correlation 478" -.158 -323" 272" 522"

*Correlation is significant at the 0.05 level (2-tailed).
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materials to trace the potential source areas of aeolian
deposits must be treated with caution. Variations in the
geochemical characteristics of transported materials may
affect the resolution and precision of paleoclimate
reconstructions in downwind areas if the sorting effects
of near-surface winds are not carefully appraised.
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