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• Elemental profiles were supplied for size-separated dust particles from Chinese deserts.
• Na/S, Mg/S, Fe/Al, K/Al etc. ratios were used to differentiate the two desert sources.
• Higher Pb, As, Cd etc. for N than NW implied stronger pollution to northern deserts.
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Elemental profiles were determined for size-separated fugitive dust particles produced from Chinese desert and
gobi soils. Seventeen surface soil samples from six Chinese deserts were collected, composited, resuspended, and
sampled through TSP, PM10, and PM2.5 inlets onto Teflon® filters, which were analyzed for twenty-six elements.
Twomajor dust sources could be distinguished based ondifferences in crustal and enriched elements—the north-
western (NW) region (Taklimakan Desert, Xinjiang Gobi, and Anxinan Gobi) and northern (N) region (Ulan Buh
Desert, Central InnerMongolia Desert, and Erenhot Gobi). TheN sources showed lower concentrations ofmineral
elements (Fe, K, Na, Ti, Mn, Cr, and Rb in PM10, and Fe, K, Ti, Mn, Co, and V in PM2.5) and higher levels of contam-
inants (S, Zn, Mo, Cu, Cr, Pb, Cd, and As) than the NW ones, especially in PM2.5. Enrichment factors for Cu, Cr, Zn,
Pb, As,Mo, and Cd calculated relative to the upper continental crust showed enrichments of one to two orders-of-
magnitude, and theyweremuch higher for N sources thanNWones, implying stronger anthropogenic impacts in
north China. Aerosol elemental concentrations during dust events at Horqin, Beijing, and Xi'anmatched themass
percentages of mineral elements from their presumptive sources better than the alternative ones, validating the
differences between the NW and N sources. Additionally, Na/S, Mg/S, Fe/Al, K/Al, Si/Fe, and Na/Al ratios were sug-
gested to differentiate the twodust source regions. The elemental ratios of Ca/Al, K/Al, Fe/Al, and Ti/Fe in the source
regions matched those in aerosols collected downwind, and they can be considered as possible source indicators.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Mineral aerosol has become of increasing interest to earth scientists
because of its importance for climate and environmental change (Cziczo
et al., 2013; Uno et al., 2009). A billion or more tons of mineral dusts are
produced globally with major sources in the Sahara and Sahel in North
Africa, Asia, southwestern North America, and the Lake Eyre Basin in
Australia (Prospero et al., 2002; Lawrence and Neff, 2009; Radhi et al.,
2010). Mineral dust emitted from the Chinese deserts is one of the
major components of the ambient aerosol over East Asia, including
86 29 88320456.
cao@loess.llqg.ac.cn (J. Cao).
NM 87043.

ghts reserved.
China, Korea, and Japan, especially in spring (Cao et al., 2003; Kim
et al., 2003; Chio et al., 2004; Cao et al., 2012).

About half of the dust produced in Asia is transported thousands of
kilometers over the North Pacific and even as far as North America
(Zhang et al., 1997); this Asian dust degrades air quality, plays important
roles in climate change, and impacts biogeochemical cycles (Martin and
Fitzwater, 1988; Zhuang et al, 1992; Cao et al., 2003). It has been pro-
posed that the Chinese deserts can be divided into different regions
based on their geology and geomorphology, and these differences affect
the characteristics of the dust particles they produce (Zhang et al., 1996).
In the historical period, the dust sources for the Chinese Loess Plateau
shifted between southern Mongolia during cold periods and northern
Chinaduringwarmperiods (Sun et al., 2008). Information on the compo-
sition of the mineral aerosol produced in these two major dust source
regions is limited, and this has prevented more quantitative evaluations
of source contributions at sites downwind.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2013.11.011&domain=pdf
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Schütz and Rahn (1982) were among the first to determine the
elemental concentrations of size-separated resuspended soils; these
authors analyzed desert soils from Africa and North America. Previous
work in Chinese Loess Plateau showed that the chemical profiles for
four size factions of particles (total suspended particles or TSP, particu-
late matter ≤ 10, 2.5 and 1 μm in diameter, PM10, PM2.5, and PM1,
respectively) produced from resuspended dust were different and that
elemental ratios, such as Ca/Al, Ca/Si, and Ca/Fe, provided information
on the sources for Asian dust (Cao et al., 2008). However, comparable
information on the chemical composition of fugitive dust produced
from the major deserts in China under controlled conditions is only
available from a single study by Yuan et al. (2006).

To address this lack of information, our study was designed to char-
acterize the chemical composition and to determine the source profiles
of fugitive dust particles produced from sediments collected from six
areas typical of the Chinese deserts. The substances analyzed for the
study included elements, major ions, organic and elemental carbon,
but only the elemental data are discussed here. This is because the
other chemical components accounted for less than 10% of the total
mass concentration. The elemental data also were used to address a
second objective, which was to compare and contrast the elemental
composition of particles from the two desert-dust source regions. This
dataset will not only be useful for studies of Asian dust (e.g. characteris-
tics and source region identification) but also for quantified source
apportionments used in studies of urban air quality (Sun et al., 2004;
Huang et al., 2010).
2. Methodology

2.1. Sampling of soils

Much of northern China is covered by deserts and Gobi; these arid
and semi-arid lands include the Taklimakan Desert, Gurbantunggut
Desert, Kumtag Desert, Qaidam Basin Desert, Badain Jaran Desert,
Tengger Desert, Ulan Buh Desert, Kubuqi Desert, Mu Us Desert, and
Otingdag Sand Land (Fig. 1). The dry lands in North China are the
main sources of Asian dust, and they account for ~55% of the land
surface area in Xinjiang Province and large areas in Qinghai, Gansu,
Shaanxi, Ningxia, Jilin, Liaoning, Heilongjiang Provinces, and Inner
Fig. 1. Fugitive dust sampling s
Mongolia. The dust produced in these areas also exerts a profound influ-
ence on regional and global climate (Arimoto et al., 2006).

Seventeen sampling sites were chosen to represent six deserts;
these sites were selected based on geomorphology and geology; the
extent of anthropogenic disturbance; and their contributions to Asian
dust production. The sites were in the Taklimakan Desert, Xinjiang
Gobi, Anxinan Gobi, Ulan Buh Desert, Central Inner Mongolia Desert,
and Erenhot Gobi (Fig. 1, see also Table S1). The total combined sam-
pling area of these desert areas is of the order of 3 million km2, and rep-
resentative sampling was conducted by taking into account the surface
topography (for example, the windward side or leeward side of sand
dunes); this was thought to be themost practical way of collecting sam-
ples given the limited resources. Each site was far from anthropogenic
interferences, and at all sites a 50 m × 50 m grid was sampled instead
of a single point; that is, each sample was a composite of surface soils
collected within the sampling area. Surface soils at depths of 1–2 cm
were collected with a plastic spatula, and they were stored in sealed
plastic bags until they were taken back to the laboratory. Six soil
samples were finally obtained by compositing soils from the same
desert; they were then dried at 40 °C for 24 h and sieved through
Tyler® 30, 50, 100, 200, and 400 mesh sieves (nominal geometric
diameter b 38 μm for the 400 mesh sieve).

2.2. Resuspension and chemical analysis

The sieved soil sampleswere resuspended in aDesert Research Insti-
tute particle resuspension system (Chow et al., 1994); then the particles
were separated by size aerodynamically and finally collected on
Teflon® membrane filters (Whatman PM2.5 membranes, Whatman
Inc., U.S.A.). For these particle separations, approximately 0.1 mg of
sieved material was placed in a 250 ml side-arm vacuum flask. The
flask was sealed with a rubber stopper, and the particles were then
transferred from the flask into a resuspension chamber by a pulsed-air
jet. Clean, filtered, laboratory air was then drawn into the chamber,
and the outflow from the chamber was directed through a size separat-
ing (PM2.5 or PM10 or TSP) inlet. The flow rate through the inlets was
5 l min−1.

Before and after sampling, the filters were conditioned at a constant
temperature (21.5 ± 0.5 °C) and relative humidity (25 to 30%) and
then weighed using a ME 5-F microbalance (Sartorius, Göttingen,
ites in the Chinese deserts.
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Germany). The sensitivity of the microbalance was ±1 μg; the preci-
sions calculated from two replicate weightings of unexposed and
exposed filters were b20 μg and b40 μg, respectively.

Twenty-six elements (Na, Mg, Al, Si, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, As, Rb, Sr, Mo, Cd, Sn, Sb, Ba, and Pb) were determined with
the use of an Energy Dispersive X-ray Fluorescence (EDXRF) (Epsilon
5, PANalytical B. V., the Netherlands). Filter samples were analyzed
directly without any preparation procedures (Watson et al., 1999). A
three-dimensional polarizing geometry with eleven secondary targets
(i.e., CeO2, CsI, Ag, Mo, Zr, KBr, Ge, Zn, Fe, Ti, and Al) and one barkla
target (Al2O3) provided a good signal-to-background ratio and low
detection limits. The X-ray source was a side window X-ray tube with
a gadolinium anode, and it operated at an accelerating voltage of
25–100 kV and a current of 0.5–24 mA (maximum power: 600 W).
The ED-XRF spectrometer was calibrated with thin-film standards
obtained from MicroMatter Co. (Arlington, WA, USA). The method
detection limits (MDLs, μg•cm−2) were Na (1.795), Mg (0.018), Al
(0.066), Si (0.374), S (0.006), Cl (0.005), K (0.009), Ca (0.004), Ti
(0.003), V (0.002), Cr (0.004), Mn (0.007), Fe (0.016), Co (0.003), Ni
(0.003), Cu (0.004), Zn (0.005), As (0.004), Rb (0.004), Sr (0.004),Mo
(0.006), Cd(0.030), Sn (0.018), Sb (0.018), Ba (0.051), and Pb(0.012).

To evaluate the effectiveness of this resuspension and collection
procedure, the mass of crustal matter was reconstructed by following
equation (Chan et al., 1997):

Crustal matter ¼ 1:16� ½ 1:90� Alð Þ þ 2:15� Sið Þ þ 1:41� Cað Þ
þ 1:67� Tið Þ þ 2:09� Feð Þ�:

ð1Þ

Other components, such as MgO, Na2O, K2O, and H2O, were
accounted for by the use of the constant (1.16) in Eq. (1) (Chan et al.,
1997). The reconstructed crustal masses of desert soil samples were
76.3% (56.7 to 101%) for TSP, 84.3% (68.2 to 99.9%) for PM10, and
77.5% (56.8 to 86.8%) for PM2.5. These resultswere considered to be rea-
sonable and acceptable because only selected oxides and water were
Table 1
Summary of fugitive dust elemental profiles (weight percent by mass ± analytical uncertainty

Species Taklimakan Desert Xinjiang Gobi Anxinan Gobi Ulan Buh Desert

Na 1.1077 ± 3.3828 0.6889 ± 0.8911 0.7502 ± 0.9643 0.4046 ± 1.521
Mg 2.2820 ± 5.1677 1.1556 ± 0.7757 1.5280 ± 0.8518 0.8197 ± 2.380
Al 7.8752 ± 0.1849 5.7299 ± 0.1067 5.1716 ± 0.0967 3.5561 ± 0.084
Si 25.1321 ± 0.9782 16.3344 ± 0.4808 15.6840 ± 0.4636 12.5314 ± 0.471
S 0.1279 ± 0.0120 0.0887 ± 0.0042 0.1642 ± 0.0075 0.3657 ± 0.017
Cl 0.6029 ± 0.0398 0.2273 ± 0.0147 0.0084 ± 0.0015 0.2031 ± 0.013
K 3.0025 ± 0.0424 2.4663 ± 0.0323 2.3520 ± 0.0308 1.3791 ± 0.019
Ca 3.7100 ± 0.0246 5.2456 ± 0.0336 4.2161 ± 0.0270 5.9178 ± 0.038
Ti 0.4925 ± 0.0125 0.4954 ± 0.0118 0.5064 ± 0.0120 0.3261 ± 0.008
V 0.0053 ± 0.0065 0.0111 ± 0.0105 0.0094 ± 0.0089 0.0089 ± 0.008
Cr 0.0140 ± 0.0082 0.0104 ± 0.0027 0.0087 ± 0.0024 0.0073 ± 0.003
Mn 0.0999 ± 0.0261 0.1161 ± 0.0269 0.1141 ± 0.0264 0.0704 ± 0.017
Fe 5.9521 ± 0.0652 5.6130 ± 0.0557 5.4912 ± 0.0545 3.0194 ± 0.032
Co 0.0105 ± 0.0132 0.0128 ± 0.0151 0.0108 ± 0.0127 0.0040 ± 0.005
Ni 0.0035 ± 0.0060 0.0037 ± 0.0023 0.0047 ± 0.0028 0.0024 ± 0.003
Cu 0.0228 ± 0.0071 0.0059 ± 0.0011 0.0063 ± 0.0012 0.0073 ± 0.003
Zn 0.0315 ± 0.0089 0.0133 ± 0.0020 0.0144 ± 0.0021 0.0178 ± 0.004
As 0.0035 ± 0.0103 0.0017 ± 0.0036 0.0013 ± 0.0028 0.0016 ± 0.004
Rb 0.0000 ± 0.0076 0.0141 ± 0.0145 0.0144 ± 0.0149 0.0008 ± 0.003
Sr 0.1034 ± 0.0223 0.0390 ± 0.0080 0.0294 ± 0.0061 0.0850 ± 0.017
Mo 0.0172 ± 0.0116 0.0194 ± 0.0050 0.0206 ± 0.0053 0.0000 ± 0.005
Cd 0.0228 ± 0.0577 0.0005 ± 0.0073 0.0005 ± 0.0078 0.0089 ± 0.025
Sn 0.0140 ± 0.0320 0.0020 ± 0.0045 0.0031 ± 0.0049 0.0097 ± 0.015
Sb 0.0000 ± 0.0345 0.0040 ± 0.0048 0.0034 ± 0.0050 0.0000 ± 0.014
Ba 0.0841 ± 0.0894 0.0667 ± 0.0161 0.0357 ± 0.0143 0.0097 ± 0.040
Pb 0.0175 ± 0.0230 0.0017 ± 0.0031 0.0008 ± 0.0032 0.0202 ± 0.013

a Total: Average of abundances at six sites.
b Northwestern: average of abundances at Taklimakan Desert, Xinjiang Gobi, and Anxinan G
c Northern: average of abundances at Ulan Buh Desert, Central Inner Mongolia Desert, and E
included in the calculations — other compounds, such as sulphate and
organic matter, which cannot be neglected in some areas, were neither
determined nor taken into account. This is discussed in further detail
below.
3. Results and discussion

3.1. Elemental abundances

The elemental profiles for the TSP, PM10, and PM2.5 size fractions
from six Chinese desert sites were calculated by dividing the concentra-
tion of each element by thematchingmass concentration; these results
are summarized in Tables 1–3. Themajor dust elements in the desert re-
gions were Si, Al, Fe, Ca, and K: these contributed more than 1% of the
total mass for each of the three size fractions. Si was themost abundant
element, accounting for 12.5 to 25% of the TSP, 16.6 to 23% of the PM10,
and 13 to 23% of the PM2.5. Al contents increased in the smaller particle-
size fractions, varying from 5.6% (4 to 8%) in TSP to 6.5% (4.5 to 9%) in
PM10 and 7.4% (5 to 9%) in PM2.5. The abundances of Fe were similar
in all three size factions from Taklimakan Desert, Xinjiang Gobi, and
Anxinan Gobi, but they were much lower at the other three sampling
sites, especially in PM10 and PM2.5 (Tables 2 and 3). The results for K ex-
hibited a pattern similar to Fe. Ca percentages were 2.5 to 6% in TSP, 2 to
7% in PM10, and 1.4 to 4% in PM2.5; these values are much lower than
what has been reported for Chinese Loess (6.78, 9.83, and 11.2% for
TSP, PM10, and PM2.5, respectively; Cao et al., 2008). Yuan et al. (2006)
reported a relatively high abundance of Ca in fine sand (13.6% for
PM2.5) from Central Inner Mongolia and an abundance in coarse sand
(2.9% for PM2.5–10) similar to our results.

The abundance of Mg at Taklimakan Desert, Xinjiang Gobi, and
Anxinan Gobi was N1% in all three size fractions, and it was amajor spe-
cies in PM10 and PM2.5 at Ulan Buh Desert and Erenhot Gobi as well. Na
is a major component of Taklimakan soils and also in PM10 and PM2.5

from the Xinjiang Gobi and Anxinan Gobi. The abundances of S and Cl
) for TSP produced from Chinese desert sediments.

Central Inner
Mongolia Desert

Erenhot Gobi Composite

Total a Northwestern b Northern c

8 0.4117 ± 1.4327 0.3570 ± 0.8825 0.6200 0.8489 0.3911
4 0.7850 ± 2.2230 0.6742 ± 1.2945 1.2074 1.6552 0.7596
2 6.5658 ± 0.1306 5.0676 ± 0.0976 5.6610 6.2589 5.0632
9 19.5997 ± 0.6328 15.0406 ± 0.4644 17.3870 19.0502 15.7239
0 0.2025 ± 0.0101 0.1971 ± 0.0091 0.1910 0.1269 0.2551
7 0.0627 ± 0.0056 0.0491 ± 0.0039 0.1923 0.2795 0.1050
5 2.2070 ± 0.0297 1.8509 ± 0.0245 2.2096 2.6069 1.8123
0 2.5283 ± 0.0164 5.4002 ± 0.0346 4.5030 4.3906 4.6154
0 0.6157 ± 0.0147 0.4688 ± 0.0112 0.4842 0.4981 0.4702
6 0.0076 ± 0.0074 0.0096 ± 0.0091 0.0087 0.0086 0.0087
9 0.0106 ± 0.0041 0.0039 ± 0.0021 0.0092 0.0110 0.0073
2 0.1080 ± 0.0255 0.0929 ± 0.0217 0.1002 0.1100 0.0904
6 5.6779 ± 0.0574 4.5264 ± 0.0453 5.0467 5.6854 4.4079
2 0.0091 ± 0.0109 0.0074 ± 0.0088 0.0091 0.0114 0.0068
0 0.0060 ± 0.0042 0.0022 ± 0.0019 0.0038 0.0040 0.0035
2 0.0068 ± 0.0030 0.0070 ± 0.0018 0.0094 0.0117 0.0070
3 0.0174 ± 0.0041 0.1038 ± 0.0125 0.0330 0.0197 0.0463
7 0.0008 ± 0.0036 0.0026 ± 0.0055 0.0019 0.0022 0.0017
6 0.0106 ± 0.0114 0.0092 ± 0.0097 0.0098 0.0143 0.0069
7 0.0310 ± 0.0070 0.0701 ± 0.0144 0.0597 0.0573 0.0620
0 0.0074 ± 0.0050 0.0000 ± 0.0027 0.0162 0.0191 0.0074
9 0.0000 ± 0.0224 0.0035 ± 0.0135 0.0072 0.0079 0.0062
0 0.0008 ± 0.0136 0.0035 ± 0.0080 0.0055 0.0064 0.0047
8 0.0234 ± 0.0165 0.0000 ± 0.0080 0.0160 0.0136 0.0234
9 0.0416 ± 0.0387 0.0736 ± 0.0248 0.0519 0.0622 0.0416
5 0.0008 ± 0.0093 0.0083 ± 0.0066 0.0082 0.0067 0.0098

obi.
renhot Gobi.



Table 2
Summary of fugitive dust elemental profiles (weight percent by mass ± analytical uncertainty) for PM10 produced from Chinese desert sediments.

Species Taklimakan Desert Xinjiang Gobi Anxinan Gobi Ulan Buh Desert Central Inner
Mongolia Desert

Erenhot Gobi Composite a

Total Northwestern Northern

Na 1.2735 ± 1.7797 0.9540 ± 1.2294 1.3164 ± 1.6303 0.7819 ± 3.8637 0.5749 ± 1.6657 0.5881 ± 1.5135 0.9148 1.1813 0.6483
Mg 1.9756 ± 1.7971 1.3878 ± 1.0430 2.6836 ± 1.2992 1.1780 ± 6.1519 0.6776 ± 2.5135 0.9864 ± 2.2372 1.4815 2.0157 0.9473
Al 8.9156 ± 0.1686 6.5421 ± 0.1224 7.2008 ± 0.1349 4.5541 ± 0.1609 5.5807 ± 0.1170 6.5681 ± 0.1307 6.5602 7.5528 5.5676
Si 20.4229 ± 0.6301 18.0002 ± 0.5351 16.7557 ± 0.5050 23.4198 ± 1.0356 16.5694 ± 0.5758 18.7192 ± 0.6107 18.9812 18.3929 19.5695
S 0.1851 ± 0.0090 0.0947 ± 0.0047 0.2120 ± 0.0097 0.545 ± 0.0273 0.2977 ± 0.0142 0.3506 ± 0.0162 0.2809 0.1639 0.3978
Cl 0.0541 ± 0.0046 0.2430 ± 0.0157 0.0754 ± 0.0052 0.5198 ± 0.0351 0.1525 ± 0.0108 0.1214 ± 0.0087 0.1944 0.1242 0.2646
K 3.8043 ± 0.0500 2.7472 ± 0.0360 3.0925 ± 0.0406 1.8277 ± 0.0306 1.7688 ± 0.0244 2.2144 ± 0.0298 2.5758 3.2147 1.9370
Ca 5.5998 ± 0.0360 6.1264 ± 0.0393 4.1770 ± 0.0268 5.9941 ± 0.0392 2.0507 ± 0.0135 6.1253 ± 0.0394 5.0122 5.3011 4.7234
Ti 0.6391 ± 0.0152 0.5505 ± 0.0131 0.6057 ± 0.0144 0.3333 ± 0.0096 0.4483 ± 0.0108 0.5053 ± 0.0121 0.5137 0.5984 0.4290
V 0.0080 ± 0.077 0.0118 ± 0.0111 0.0131 ± 0.0124 0.0063 ± 0.0077 0.0060 ± 0.0060 0.0129 ± 0.0123 0.0097 0.0110 0.0084
Cr 0.013 ± 0.0040 0.0081 ± 0.0024 0.0112 ± 0.0031 0.0063 ± 0.0091 0.0060 ± 0.0040 0.0053 ± 0.0035 0.0083 0.0108 0.0059
Mn 0.1555 ± 0.0090 0.1321 ± 0.0306 0.1474 ± 0.0342 0.0692 ± 0.0216 0.0907 ± 0.0218 0.1146 ± 0.0270 0.1183 0.1450 0.0915
Fe 7.7847 ± 0.0776 6.1019 ± 0.0606 6.7542 ± 0.0671 3.2694 ± 0.0467 4.2501 ± 0.0442 4.7718 ± 0.0487 5.4887 6.8803 4.0971
Co 0.0142 ± 0.0168 0.0094 ± 0.0111 0.0169 ± 0.0199 0.0042 ± 0.0074 0.0086 ± 0.0104 0.0076 ± 0.0092 0.0102 0.0135 0.0068
Ni 0.0065 ± 0.0042 0.0037 ± 0.0024 0.0065 ± 0.0039 0.0000 ± 0.0068 0.0094 ± 0.0061 0.0046 ± 0.0036 0.0051 0.0056 0.0047
Cu 0.0127 ± 0.0026 0.0078 ± 0.0015 0.0115 ± 0.0019 0.0147 ± 0.0082 0.0103 ± 0.0035 0.0114 ± 0.0031 0.0114 0.0107 0.0121
Zn 0.0263 ± 0.0042 0.0155 ± 0.0024 0.0208 ± 0.0031 0.0314 ± 0.0104 0.0197 ± 0.0046 0.1768 ± 0.0214 0.0484 0.0209 0.0760
As 0.0030 ± 0.0065 0.0020 ± 0.0043 0.0023 ± 0.0049 0.0105 ± 0.0229 0.0009 ± 0.0041 0.0030 ± 0.0068 0.0036 0.0024 0.0048
Rb 0.0210 ± 0.0217 0.0169 ± 0.0174 0.0165 ± 0.0171 0.0000 ± 0.0091 0.0043 ± 0.0058 0.0030 ± 0.0045 0.0103 0.0181 0.0024
Sr 0.0718 ± 0.0148 0.0556 ± 0.0114 0.0269 ± 0.0057 0.2138 ± 0.0445 0.0411 ± 0.0091 0.0819 ± 0.0170 0.0819 0.0514 0.1123
Mo 0.0029 ± 0.0037 0.0000 ± 0.0021 0.0264 ± 0.0069 0.0617 ± 0.0199 0.0252 ± 0.0081 0.0000 ± 0.0047 0.0232 0.0098 0.0435
Cd 0.0024 ± 0.0177 0.0000 ± 0.0100 0.0004 ± 0.0114 0.0105 ± 0.0623 0.0000 ± 0.0254 0.0000 ± 0.0225 0.0044 0.0014 0.0105
Sn 0.0080 ± 0.0110 0.0037 ± 0.0062 0.0000 ± 0.0069 0.0398 ± 0.0404 0.0137 ± 0.0162 0.0015 ± 0.0137 0.0133 0.0059 0.0183
Sb 0.0074 ± 0.0112 0.0013 ± 0.0062 0.0046 ± 0.0073 0.0000 ± 0.0384 0.0000 ± 0.0157 0.0023 ± 0.0139 0.0031 0.0044 0.0012
Ba 0.0639 ± 0.0314 0.0600 ± 0.0193 0.0650 ± 0.0218 0.0482 ± 0.1061 0.0359 ± 0.0435 0.0622 ± 0.0395 0.0559 0.0630 0.0488
Pb 0.0056 ± 0.0077 0.0057 ± 0.0049 0.0062 ± 0.0055 0.0084 ± 0.0261 0.0000 ± 0.0105 0.0159 ± 0.0118 0.0084 0.0058 0.0122

a Total, northwestern, and northern as in Table 1.
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in PM2.5 from soils from the Ulan Buh Desert were 2.45% and 3.2%,
respectively. Wu et al. (2012) reported a S abundance of 4% for dust
aerosol from Taklimakan Desert, and these authors suggested surface
soil as the dominant source for aerosol S. Dry salt-lake saline soils are
widely distributed around this area (Zhang et al., 2004), and the high
concentrations of S and Cl in the laboratory-produced dust may well
have originated from that source.
Table 3
Summary of fugitive dust elemental profiles (weight percent by mass ± analytical uncertainty

Species Taklimakan Desert Xinjiang Gobi Anxinan Gobi Ulan Buh Desert

Na 1.1236 ± 2.5289 1.2203 ± 1.9126 1.9582 ± 2.8866 0.8953 ± 7.213
Mg 2.3498 ± 3.6248 2.1631 ± 2.2425 4.3174 ± 3.2294 1.2693 ± 11.66
Al 7.5166 ± 0.1598 7.7142 ± 0.1501 7.9887 ± 0.1621 9.0232 ± 0.271
Si 20.3895 ± 0.7454 17.8603 ± 0.5862 18.8377 ± 0.6696 15.0823 ± 1.500
S 0.1246 ± 0.0092 0.1689 ± 0.0088 0.2332 ± 0.0121 2.4451 ± 0.048
Cl 0.0904 ± 0.0086 0.3296 ± 0.0215 0.0558 ± 0.0065 3.2025 ± 0.131
K 2.9981 ± 0.0407 2.8146 ± 0.0374 2.9815 ± 0.0401 2.2689 ± 0.043
Ca 2.9867 ± 0.0197 3.9039 ± 0.0252 2.4766 ± 0.0163 3.7691 ± 0.024
Ti 0.4409 ± 0.0109 0.5157 ± 0.0124 0.4752 ± 0.0116 0.3132 ± 0.012
V 0.0098 ± 0.0097 0.0045 ± 0.0046 0.0110 ± 0.0106 0.0000 ± 0.009
Cr 0.0098 ± 0.0058 0.0097 ± 0.0039 0.0115 ± 0.0053 0.0086 ± 0.017
Mn 0.1111 ± 0.0271 0.1310 ± 0.0307 0.1356 ± 0.0322 0.0758 ± 0.032
Fe 5.6295 ± 0.0590 5.7677 ± 0.0583 5.8146 ± 0.0599 2.9339 ± 0.069
Co 0.0195 ± 0.0232 0.0149 ± 0.0176 0.0151 ± 0.0180 0.0000 ± 0.010
Ni 0.0073 ± 0.0058 0.0037 ± 0.0032 0.0063 ± 0.0050 0.0080 ± 0.013
Cu 0.0159 ± 0.0050 0.0045 ± 0.0029 0.0136 ± 0.0042 0.0318 ± 0.015
Zn 0.0183 ± 0.0061 0.0536 ± 0.0073 0.0235 ± 0.0056 0.0898 ± 0.021
As 0.0049 ± 0.0111 0.0022 ± 0.0055 0.0037 ± 0.0087 0.0159 ± 0.036
Rb 0.0049 ± 0.0073 0.0112 ± 0.0120 0.0104 ± 0.0116 0.0000 ± 0.017
Sr 0.1063 ± 0.0223 0.0342 ± 0.0076 0.0584 ± 0.0126 0.1313 ± 0.031
Mo 0.0040 ± 0.0391 0.0000 ± 0.0046 0.0000 ± 0.0064 0.0109 ± 0.037
Cd 0.0000 ± 0.0362 0.0022 ± 0.0222 0.0000 ± 0.0309 0.0438 ± 0.127
Sn 0.0110 ± 0.0223 0.0000 ± 0.0134 0.0125 ± 0.0193 0.0477 ± 0.073
Sb 0.0000 ± 0.0224 0.0000 ± 0.0136 0.0000 ± 0.0191 0.0159 ± 0.073
Ba 0.0623 ± 0.0624 0.0603 ± 0.0387 0.0876 ± 0.0543 0.0517 ± 0.201
Pb 0.0195 ± 0.0174 0.0000 ± 0.0092 0.0037 ± 0.0129 0.1011 ± 0.052

a Total, northwestern, and northern as in Table 1.
Trace elements with abundances between 0.1 and 1% included Na
(0.6 to 1%), Ti (0.3 to 0.6%), S (0.2 to 0.7%), Cl (0.2 to 0.7%), and Mn
(0.09 to 0.1%) in TSP and PM10 (Tables 1 and 2). The abundances of Sr,
Ba, Zn, Mo, and Sb ranged from 0.01 to 0.1% in TSP, and other elements
(Cu, Cr, Co, Rb, Pb, V, Cd, Sn, Ni, and As) were in the range of 0.001 to
0.01%. Four more elements, Cu, Co, Rb, and Sn, showed slightly higher
concentrations, ranging from 0.01 to 0.1%, in PM10. The elemental
) for PM2.5 produced from Chinese desert sediments.

Central Inner
Mongolia Desert

Erenhot Gobi Composite a

Total Northwestern Northern

0 0.2217 ± 4.1534 0.7360 ± 3.9393 1.0259 1.4340 0.6177
94 0.8107 ± 6.7740 1.2617 ± 6.2980 2.0287 2.9434 1.1139
3 7.4863 ± 0.1637 5.0936 ± 0.1689 7.4704 7.7398 7.2010
1 12.9468 ± 0.8693 23.2818 ± 1.0472 18.0664 19.0292 17.1036
3 1.0449 ± 0.0295 0.2746 ± 0.0178 0.7152 0.1756 1.2549
0 0.3767 ± 0.0132 0.3648 ± 0.0259 0.7366 0.1586 1.3147
5 1.4913 ± 0.0263 1.6036 ± 0.0287 2.3597 2.9314 1.7879
6 1.4429 ± 0.0114 4.1379 ± 0.0276 3.1195 3.1224 3.1166
3 0.2509 ± 0.0080 0.3261 ± 0.0095 0.3870 0.4773 0.2967
5 0.0036 ± 0.0055 0.0000 ± 0.0051 0.0048 0.0084 0.0012
2 0.0099 ± 0.0102 0.0172 ± 0.0101 0.0111 0.0103 0.0119
2 0.0365 ± 0.0193 0.0665 ± 0.0214 0.0928 0.1259 0.0596
6 2.1321 ± 0.0422 2.8753 ± 0.0447 4.1922 5.7373 2.6471
3 0.00982 ± 0.0060 0.0000 ± 0.0056 0.0099 0.0165 0.0033
7 0.0069 ± 0.0085 0.0021 ± 0.0071 0.0057 0.0058 0.0057
7 0.0139 ± 0.0090 0.0193 ± 0.0085 0.0165 0.0113 0.0217
0 0.0282 ± 0.0111 0.4055 ± 0.0494 0.1031 0.0318 0.1745
2 0.0023 ± 0.0110 0.0064 ± 0.0158 0.0059 0.0036 0.0082
3 0.0000 ± 0.0100 0.0000 ± 0.0093 0.0088 0.0088 0.0000
3 0.0092 ± 0.0652 0.1931 ± 0.0404 0.0888 0.0663 0.1112
8 0.0040 ± 0.0265 0.0421 ± 0.0168 0.0153 0.0040 0.0190
5 0.0231 ± 0.0730 0.0172 ± 0.0664 0.0216 0.0022 0.0280
7 0.0167 ± 0.0418 0.0215 ± 0.0394 0.0219 0.0118 0.0286
1 0.0050 ± 0.0423 0.0000 ± 0.0393 0.0105 0.0000 0.0105
1 0.0658 ± 0.1168 0.0494 ± 0.1086 0.0629 0.0701 0.0556
2 0.0194 ± 0.0284 0.0043 ± 0.0265 0.0296 0.0116 0.0416
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abundances in PM2.5 varied over several orders-of-magnitude: themass
percentages of Cl, S, Ti, and Znwere in the range of 0.1 to 1%;Mn, Sr, Ba,
Pb, Sn, Cu, Cd, Cr, andMo varied between 0.01 to 0.1%while Co, Rb, V, Ni,
As, and Sb ranged from 0.001 to 0.01%. It is worth noting that the abun-
dances of Zn, Cu, Pb, Cd, As, and S, which are often contaminants, were
as much as 1.6 to 5 times higher in PM2.5 than in the larger particle-size
fractions.
3.2. Compositional differences of particles from two Chinese desert regions

The Chinese deserts spread over thousands of kilometers from
northwestern to northeastern China; thus one might expect the ele-
mental composition of the desert sediments to vary geographically.
Along these lines, Huang et al. (2010) found that the Ca/Al ratio of
dust aerosol from the central Taklimakan Desert was quite different
from that of Inner Mongolia. Zhang et al. (1996) determined the ele-
mental composition of size-separated aerosols from 12 deserts in
China, and they used the chemical data to divide the Chinese deserts
into three sources for Asian dusts: the northwestern deserts, northern
high-dust deserts, and northern low-dust deserts. Sun et al. (2001)
noted that meteorological conditions also are dissimilar among differ-
ent geographical areas, and these authors identified the Taklimakan
Desert in western China and the Gobi regions in Mongolia and northern
China as two of the major source regions for Asian dust.

The results of our study, together with the results of prior studies on
geographical distributions, show that the Chinese arid and semi-arid
lands can be divided into two major source regions: a northwestern
(NW) source and a northern (N) source. The northwestern source is
represented by the Taklimakan Desert, Xinjiang Gobi, and Anxinan
Gobi: there the crustal elements (Si, Al, Fe, Ca and K etc.) are more
abundant compared with the northern source. The latter is repre-
sented by the Ulan Buh Desert, Central Inner Mongolia Desert, and
Erenhot Gobi; at these sites, the pollution elements (Zn, Cu, Pb, Cd,
As, and S etc.) were relatively more abundant compared with the
NW region.

For the TSP samples, many of the elements were relatively more
abundant in the northwestern samples; the exceptions were S, Zn, Sb,
Fig. 2. Chemical components for the northwestern (NW) and the northern (N) composite profi
between source regions.
and Pb. For these four elements, the respective abundances for the N
source samples were 2.0, 2.4, 1.7, and 1.5-fold higher than those in the
NW samples. The differences between the NW and N sources are illus-
trated in Fig. 2. The Mg and Na contents in the samples from the NW
source were approximately twice those in the N source samples; this
held true for all three size fractions. The differences between pollution
element (S, Cl, Zn,Mo, Pb, Cd, Sn, and As; see Section 3.3 for a discussion
of trace element sources) concentrations in theNWandN sampleswere
more pronounced in PM10 and PM2.5 than in TSP, especially in PM2.5; the
data for these elements are highlighted with red ovals in Fig. 2. Indeed,
the concentrations of these elements in the N source samples were 2.0
to 7.5 fold higher in PM10 and 1.7 to 12.7 fold higher in PM2.5 compared
with the NW samples.

Independent-sample T-tests were used to compare the concentra-
tions of each element in the samples from these two sources. Significant
differences (p b 0.05) were found for Fe, K, Na, Ti, S, Mn, Cr, and Rb in
PM10 and Fe, K, Ti, Mn, Co, and V in PM2.5; however, the differences in
crustal elements in TSP were not significant. The greater abundances
of pollution elements, especially in the fine-particle mode, imply that
anthropogenic emissions have a greater influence on the N source
region for Chinese desert dust than the NW one.

3.3. Comparisons with the composition of the upper continental crust

Enrichment factors (EFs) have been commonly used to determine
whether crustal or non-crustal sources aremainly responsible for the el-
emental abundances observed in environmental samples. EFs typically
are calculated by normalizing the concentrations of the elements ana-
lyzed relative to the composition of the Earth's upper continental crust
(UCC); EFs are defined as

EFX ¼ X=Alð Þsample= X=Alð Þcrust ð2Þ

where (X/Al)sample represents the concentration ratio of the element of
interest to a reference element in a soil or dust sample while (X/Al)crust
represents the corresponding ratio in the Earth's UCC (Taylor and
McLennan, 1995). Note that we used the UCC as the reference material
for the EF calculations because one of the main objectives for the study
les of TSP, PM10, and PM2.5. Dotted circles in red highlight elements with large differences

image of Fig.�2


Fig. 3. Elemental enrichment factors relative to UCC (upper continental crust, Taylor andMclennan, 1995) for TSP, PM10, and PM2.5 particles produced from composited desert sediments.
Al was used as reference element. Dotted circles in blue highlight elements with larger concentrations in the northern dust source region.
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was to compare the composition of the dust from the two dust sources—
the use of a single reference material for all sources facilitates such
comparisons. Al, a typical crustal element, was used as the reference
element in our study.

The EFs for Na, Si, K, Rb, Mg, Ba, V, Fe, Ca, Ti, Mn, Sr, Ni, Cr, and Cu
were all lower than 10 in all particle sizes (Fig. 3), and this indicates
that the dominant source for these elements was weathered crustal
material (Cao et al., 2008). The EFs for Pb, Zn, and S fluctuated above
and below 10, which indicates that mixtures of both crustal and non-
crustal sources were important for these elements. At the other end of
the scale, the EFs for Co, Sn, As, and Mo were in the range of 10 to 100,
and the EFs for Sb and Cd ranged from 100 to 1000, implying the dom-
inance of non-crustal sources for these elements even in the desert
regions. Of the enriched elements, As, Mo, Sb, and S most likely were
enriched as a result of emissions from coal and oil combustion; these
fuels are used extensively for both heating and industrial purposes in
northern and northwestern China (Hong et al., 2009); Pb was presum-
ably from automotive emissions as well as coal combustion (Xu et al.,
2012) while Zn, Cd, and Co were probably discharged from a variety
of industrial sources.

The EFs for Pb, Zn, S, Sn, As, Mo, and Cd in both PM10 and PM2.5 from
the N sourcewere higher than those in the NW sourcewhile for TSP the
EFs for these elements were either similar or the differences relatively
small. Therefore, the effects of anthropogenic sources were most pro-
nounced in small particles from the N desert sources. There are numer-
ous coal mines in China located in and around the areas surrounding
Inner Mongolia; these include Shizuishan in Ningxia Province, Shenmu
in Shaanxi Province, and Datong in Shanxi Province (Aldhous, 2005).
Onewould expect that these coalmines, coking operations, and domes-
tic heating are important, if not dominant, sources for pollutants in
neighboring regions.
3.4. Comparisons with aerosol observations

Several studies have investigated the chemical composition of the
ambient aerosol in areas affected by dust storms, and we compared
our profile data for resuspended PM2.5 from the two dust sources with
the elemental concentrations of aerosol PM2.5 collected during Asian
dust storm (DS) episodes. This comparison was done to determine
whether the N or NW source materials were more similar to the ambi-
ent aerosol data in terms of elemental composition. The aerosol data
used for this comparison were from Horqin (located in the center of
the Horqin sand land, which is in eastern Inner Mongolia, Shen et al.,
2007), Beijing (~700 km from Erenhot, Sun et al., 2005), and Xi'an
(the largest city in north central China, this study). As different sets of
elements were determined in the various studies, comparisons were
necessarily restricted to those elements that were common to the
paired data sets of interest.

These comparisons showed that the mass percentages of mineral
elements (Al, Ca, Fe, Mn, Si, and Ti etc.) in ambient aerosols collected
during dust events in Horqin and Beijingmatched those in the N source
materials better than theNWoneswhile the oppositewas true for Xi'an.
In the spring of 2005, dust originating from the northern sources was
transported to Horqin (Shen et al., 2007). As shown in Fig. 4, the abun-
dances of most of the crustal elements, including Si, Al, Fe, K,Mg, Ti, and
Mn, in the Horqin samples plotted close to the 1:1 identity line for the N
sourcewhile the deviations from the 1:1 linewere greaterwhen plotted
against the NW source. That is, the aerosol data fromHorqinmatched N
source profile muchmore closely than the NWone. Similarly, at Beijing,
the abundances of Al, Fe, Mg, Ti, Mn, and Co in PM2.5 from a dust storm
that originated to the north in the spring of 2002 (Sun et al., 2005)more
closely matched the N source profile. Several points plotted below the
1:1 line in Fig. 4, including several pollution elements (Cu, Pb, and Zn
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Fig. 4. Comparison of PM2.5 chemical components of dust aerosols (DS) produced from the northwestern (NW) and the northern (N) source materials from Chinese deserts.

Table 4
Elemental ratios for resuspended dust from the northwestern (NW) and northern (N) Chinese deserts. Independent-sample T-tests were used to test the differences between sources.

Size TSP PM10 PM2.5

Source NW N NW N NW N

Ti/Fe 0.088 (0.005)a,b 0.107 (0.003) 0.087 (0.005) 0.104 (0.002) 0.083 (0.006) 0.113 (0.006)
Na/S 7.00 (2.15)c 1.65 (0.48) 7.72 (2.06) 1.68 (0.25) 8.21 (0.91) 1.09 (1.38)
Mg/S 13.4 (4.3) 3.18 (0.84) 12.7 (2.0) 2.42 (0.35) 16.7 (3.4) 1.96 (2.28)
Fe/Al 0.93 (0.16)d 0.87 (0.02) 0.91 (0.04) 0.74 (0.02) 0.74 (0.01) 0.39 (0.15)
K/Al 0.42 (0.04) 0.36 (0.03) 0.43 (0.00) 0.35 (0.04) 0.38 (0.02) 0.26 (0.06)
Si/Fe 3.33 (0.77) 3.64 (0.45) 2.68 (0.24) 4.99 (1.88) 3.32 (0.27) 6.44 (1.51)
Na/Al 0.14 (0.01) 0.08 (0.03) 0.16 (0.02) 0.12 (0.04) 0.18 (0.05) 0.09 (0.06)
Si/Al 3.02 (0.17) 3.16 (0.32) 2.46 (0.26) 3.65 (1.29) 2.46 (0.22) 2.66 (1.66)
Ca/Al 0.73 (0.23) 1.04 (0.64) 0.71 (0.19) 0.87 (0.48) 0.40 (0.10) 0.47 (0.31)
Mg/Al 0.26 (0.05) 0.16 (0.06) 0.276 (0.09) 0.18 (0.07) 0.38 (0.14) 0.17 (0.07)
Mn/Al 0.018 (0.002) 0.018 (0.006) 0.019 (0.002) 0.016 (0.001) 0.016 (0.001) 0.009 (0.004)
Ti/Ca 0.12 (0.02) 0.13 (0.10) 0.12 (0.03) 0.12 (0.09) 0.16 (0.03) 0.11 (0.05)
S/Fe 0.022 (0.007) 0.067 (0.047) 0.024 (0.008) 0.103 (0.055) 0.031 (0.009) 0.47 (0.37)

a Mean (standard deviation).
b Bold face type: p b 0.01.
c Underlined italic type: p b 0.05.
d Plain text: difference not significant.

1127R. Zhang et al. / Science of the Total Environment 472 (2014) 1121–1129

image of Fig.�4


1128 R. Zhang et al. / Science of the Total Environment 472 (2014) 1121–1129
etc.); this implies that there were sources for these elements other than
deserts of northern China, possibly more distant and relatively cleaner
sources in Mongolia, southern Russia or elsewhere.

Xi'an, located in central China, can be influenced by the NW as well
as the N dust sources. In comparing the elemental abundances of ambi-
ent PM2.5 fromXi'anwith the two PM2.5 source profiles, one can see that
the percent contributions of themineral elements (Fe, Ti, Al, andMn) to
the totalmassweremore consistentwith theNWsource. This is reason-
able from the standpoint of transport because the prevailingwinds dur-
ing the dust episode were from the west. The obvious differences
among the relationships of mineral elements in PM2.5 from the three
cities with the two different resuspended dust source materials further
corroborate the existence of distinct northern and northwestern dust
sources.
3.5. Fingerprints of Chinese desert dust sources

Mineral aerosol concentrations have been widely as indicators of air
mass movements largely because this material is well characterized
chemically, and its composition is relatively stable over time (Zhang
et al., 1996). Thus, dust can satisfy two major requirements for a suc-
cessful regional tracer system, these are: distinctiveness and stability
during transport (Lowenthal et al., 1988). Single elements typically can-
not serve this purpose for the Chinese deserts or other regions, and
therefore elemental ratios, including Si/Fe, Ca/Fe, Si/Al, Fe/Al, Mg/Al,
and Sc/Al, have been used as tracers in previous studies. Makra et al.
(2002) used the Si/Fe and Ca/Fe ratios to trace the long-range transport
of dust from Taklimakan Desert. Zhang et al. (2001) concluded that the
ratios of Ca, K, Si, Fe, and Ti to Al could be used as signatures of particles
from the Chinese deserts and Loess Plateau; the ratioswere then used to
estimate the contributions of these sources to aerosol particles from
Tibet. The ratios of several crustal to non-crustal elements (Fe/S, Ti/Pb,
and Ti/Zn) were reported to be much higher during dust storm events
than on non-dusty days in Qingdao (Guo et al., 2004).

Ratios between selected crustal elements (Si, Ca, K, Ti, Al, Fe, and Na)
for the resuspendeddust and for PM2.5 collected ondusty days in previous
studies, are listed in Tables 4 and S2. The elemental ratioswith statistically
significant differences between the NW and N deserts as determined by
independent-sample T-tests (p b 0.05 and p b 0.01) are highlighted in
Table 4. All three size fractions showed consistent differences in the Ti/
Fe ratios between the NW and N sources, but these differences were
only marginally significant. The ratios of Mg/S, Na/S, Na/Al and Mg/Al, in
the NW deserts were 1.5 to 8 times those in the N deserts in all particle-
size fractions. Differences between sources were observed for the Fe/Al
and K/Al ratios in both PM10 and PM2.5, with relatively higher disparities
for PM2.5; for that fraction, theNW(N) values for the Fe/Al and K/Al ratios
were 0.74 (0.39) and 0.38 (0.26), respectively. Yuan et al. (2006) sug-
gested that the ratios of Mg, K, and Fe to Al (0.47, 0.18, and 1.19, respec-
tively) in PM2.5–10 were possible fingerprints of particles from central
Inner Mongolia, and those values are quite different from our results
(0.18, 0.35, and 0.75 in PM10, and 0.27, 0.37, and 0.60 in PM2.5, respective-
ly). In contrast, the Si/Fe and S/Fe ratios in the N source regions were
about 2.5 to 7 times those in the NW ones in both PM10 and PM2.5. The
combination of these ratios is therefore potentially useful for
distinguishing the two Chinese desert sources.

Along these lines, Sun et al. (2004) used the Mg/Al ratio as a means
for distinguishing local versus non-local sources for mineral aerosol in
Beijing; for that site, the non-local sources were mainly located in cen-
tral and eastern Inner Mongolia. Furthermore, the Mg/Al and S/Fe
ratios observed in the desert sources were several times higher than
the values found for the Chinese Loess Plateau (Cao et al., 2008). The
Mg/Al ratios in the NW source were ~4 to 9 times higher those in
loess and in the N source 2 to 5 times higher than loess; for S/Fe the dif-
ferences were 2 to 3 times higher in NW source and 10 to 40 times
higher in N source compared with loess.
The Si/Al, K/Al, Ti/Ca, and Ti/Fe ratios for the desert sites were com-
parable to those of UCC, but the Ca/Al, Fe/Al, Mn/Al, and S/Fe ratios were
about twice the UCC values and the Si/Fe ratios were about a half of that
in the UCC. Compared with the Chinese Loess Plateau, Ca/Al and Ca/Ti
were much lower in desert soils; this is mainly the result of relatively
low Ca concentrations in the dust source regions (Cao et al., 2004;
Wang et al., 2005). The Si/Al and Ca/Al ratios of dust aerosol fromnorth-
western China (Ta et al., 2003) were similar to the data from our study.

It is worth noting that the ratios of Ca/Al, K/Al, Fe/Al, and Ti/Fe in the
Asian dust source regions compared well with those found downwind
at Korea, Japan, and the North Pacific (Kim et al., 2003; Arimoto et al,
2006; Ohta et al., 2003). These ratios also differed from those reported
for Saharan dusts (Holmes and Miller, 2004; Borbély-Kiss et al., 2004;
Remoundaki et al., 2011). Therefore, a combination of these four ratios
may be useful as a signature for Asian dust because the ratios are stable
during transport and they are distinctly different from mineral aerosol
from Africa.

We compared the Fe/Al ratios in the N and NW source materials with
those of desert aerosols: Zhang et al. (1996) reported Fe/Al ratios of 0.83,
0.65, and 0.44 in TSP for three desert source regions: I (northwestern), II
(high-dust northern), and III (low-dust northern). Consistent with those
results, the Fe/Al ratios in the NW source materials were higher than
those in the N ones (for PM2.5 NW (N) source = 0.74 (0.39); for PM10

NW (N) = 0.91 (0.74); for TSP NW (N) = 0.93 (0.87)). Thus, even
though the Fe/Al ratios of the TSP dust aerosol in the source areas
match our PM2.5 source profiles of better than the TSP profiles, the
trend of higher Fe/Al ratios in both aerosols and source materials from
the NW deserts was consistent between the two studies.

Differences in the elemental ratios as a function of particle size can
provide information relative to the strengths of local versus distant
sources for dust aerosols. This is because the larger dust particles may
be removed from suspension closer to their sources than smaller ones be-
cause dry deposition favors the removal of the larger particles. In this re-
gard, the ratios for TSP may be more representative of dust sampled near
the sources while the ratios for PM10 and PM2.5 may be better indicators
of the particles that are more susceptible long-range transport.

4. Conclusions

Elemental profiles were determined for size-separated fugitive dust
samples produced from sediments collected from six Chinese deserts.
The major soil species in the source materials were Si, Al, Fe, Ca, and K;
each showed an abundance N 1% in all three (TSP, PM10, and PM2.5)
size fractions. Dust samples from the N desert soils had relatively lower
concentrations of mineral elements (Si, Al, Fe, Ca, K, Mg, Na, and Ti)
and higher concentrations of enriched non-crustal elements (S, Zn, Mo,
Cu, Cr, Pb, Cd, and As) than the NW ones; these differences were most
pronounced in the PM2.5 fraction. Enrichment factors (EFs) showed
that Cu, Cr, Zn, Pb, As, Mo, and Cd were enriched one to two orders-of-
magnitude over the UCC averages, and they were much higher for the
northern deserts than the northwestern ones. This implies widespread
contamination of the northern deserts, and one important implication
of this is that potentially harmful pollutants are likely to be transported
together with dust from this source, especially because the enrichments
are most pronounced in the finer, more readily transportable particles.
Elemental ratios (Na/S,Mg/S, Fe/Al, K/Al, Si/Fe, andNa/Al) are potentially
useful tracers that can be used to differentiate the two desert sources.
The elemental ratios of Ca/Al, K/Al, Fe/Al, and Ti/Fe in the Chinese desert
source materials matched those found in downwind regions, and these
ratios may be especially useful for tracing Asian dust.
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