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TSP and PM, 5 were sampled in Daihai, an Asian monsoon-sensitive region in Inner Mongolia, in
summer. The aims were to evaluate the characteristics of trace elements and to investigate the
influence of the summer monsoon on elemental composition there. Eighteen trace elements, S,
Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Br, Sr, Zr and Pb, were determined and their
concentrations were evaluated. The TSP/PM, s ratio of element concentrations showed that
crustal elements like K, Ca, Ti and Fe, as well as Pb, Ni and Sr were more abundant in TSP, while
other elements predominated in PM, s. Enrichment factor (EF) calculations revealed that non-
crustal trace elements were more enriched in PM, s than in TSP. Back trajectory analysis
indicated that crustal elements such as K, Ca, Ti and Fe had distinctly high concentrations
associated with northerly flows, while non-crustal elements showed no clear pattern. However,
non-crustal elements showed high EF values related to southeasterly flows. Principal
component analysis (PCA) was also applied to the PM,s data to discuss the source
appointment and five factors were determined.
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1. Introduction

Recently, aerosols have received increasing attention due
to the roles that they play in many climate and environmental
processes (Andreae and Crutzen, 1997). Aerosols can change
the energy budget in two ways: directly, by absorbing and
dispersing solar radiation, and indirectly, by changing the
water cycle through the action of the cloud condensation
nuclei (CCN) (Andreae and Crutzen, 1997; IPCC, 2001;
Ramanathan et al., 2001). Anthropogenic particles in the
atmosphere can also lead to serious environmental and health
problems (Mauderly and Chow, 2008; Ramanakumar et al.,
2007). The effect of aerosol particles on atmospheric
chemistry and physics, as well as on climate and public
health, depends on their chemical and physical properties,
which vary in response to their origin, source, transformation
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mechanism and meteorological condition. Knowledge of their
chemical and physical properties is therefore important.
Lake Daihai (1221 m) is situated in a remote mountainous
area in Liangcheng County, Inner Mongolia, Northern China
(Fig. 1A). It is located in a transitional zone between semi-arid
and semi-humid conditions, sensitive to climatic changes
related to the East Asian monsoon oscillations and the
westerly jet stream (Fig. 1A, Jin et al., 2004; Han et al., 2007,
2008a). The Asian monsoon is an important component of
atmospheric circulation and plays a significant role in global
hydrologic and energy cycles. During the seasonal transition
from winter to summer, the East Asian summer monsoon
moves gradually northward as Northern Hemisphere insola-
tion increases, while in winter the East Asian winter monsoon
moves southward (An et al, 2000). The monsoon systems
vary systematically (An et al., 2000), and thus influence the
aerosol chemical composition in the Daihai area. This
chemistry can act as a valuable reference for studying and
evaluating atmospheric evolution with respect to rapid
industrial development (Han et al., 2007; Cong et al., 2007).
In a previous study of sediment cores taken from Lake
Daihai, Han et al. (2007) monitored the correlations between
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Fig. 1. A) Map of the climatic system of China, including the East Asian monsoon, the Westerly wind region, and the Indian monsoon (After Han et al., 2007). B) Sampling

location in Wusumu beside Lake Daihai.

trace element enrichments with the East Asian monsoon
system and evaluated various human impacts. They revealed
that the variation of atmospheric depositions of Cu and Pb
corresponded to the East Asian monsoon variations, with high
atmospheric deposition coupled with wet, temperate periods
when the summer monsoon dominates, and low deposition
with dry, cold periods when the winter monsoon dominates.
However, there is a lack of evidence from modern observations
due to the sparseness of aerosol studies in Daihai. Recently,
Han et al. (2008a) studied carbonaceous compositions of total
suspended particulate matter (TSP) and PM,s (particulate
matter with an aerodynamic diameter smaller than 2.5 pm) in
Daihai from four seasonal observations, revealing the influ-
ence of the summer Asian monsoon. As Daihai is located
within the front boundary of the summer monsoon (Han et al.,
2007), the southerly air masses, which are directly associated

with the summer monsoon, influence this region mainly in
summer (Han et al., 2008a). In this study, elemental composi-
tions of summer samples only were therefore determined to
gain information on the influence of the summer monsoon in
Daihai. Also the possible sources are analyzed using the
principal component analysis (PCA), and the possible correla-
tions between element concentrations and monsoon variation
are discussed using backward air mass trajectory analysis.

2. Sampling and analysis
2.1. Sampling site description
Wusumu (112°35’E, 40°37’N) is a small village (Fig. 1B)

situated beside Lake Daihai in a remote mountainous area in
Liangcheng County, Inner Mongolia (Fig. 1B). It has a population
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of less than 500. The annual average temperature in the Daihai
region is ~5.1 °C and annual average precipitation is 201-
653 mm (Ren et al., 1995). Under the influence of the Asian
monsoon, rainfall always occurs during summer. Based on the
meteorological data obtained from Liangcheng Station in 1988,
the annual mean wind velocity is estimated at 2.6 m s™. The
major prevailing wind direction is northwesterly (Ren et al.,
1995). The primary bedrock types in the Daihai region are
Archean metamorphosed igneous rocks and Tertiary basalt as
well as Cenozoic loess (Ren et al.,, 1995; Han et al., 2007).

2.2. Sampling and PIXE analysis

The sampling procedures have been described previously
(Han et al., 2008a). From 12 June to 21 July 2006, TSP and
PM,s samples were synchronously collected in Wusumu
daily. Minival (Airmetrics, USA) inlets operated at 5 1 min™!
were located 1.5 m above ground level. The samples were
acquired on pre-fired, pre-weighed quartz-fiber filters (What-
man, UK) with pore size of 0.4 um and diameter of 47 mm for
24 h from 10:00 A.M. to 10:00 A.M. every day.

Samples were analyzed gravimetrically for mass concen-
trations using an electronic microbalance with +1 pg sensi-
tivity (Sartorius, Gottingen, Germany) and converted into the
standard conditions according to the local air pressure. Since
fine particles have a long atmospheric residence time, which
facilitates their transportation over long distances, only PM; 5
samples were selected for the discussion of possible long-
range transport of pollutants in Daihai. Thus, all PM;s
samples were analyzed for their elemental composition. For
TSP, only about 14 samples (one per every 3 days) were
selected for elemental analysis. Elemental composition was
analyzed using Proton Induced X-ray Emission (PIXE) spectro-
metry in the Center of Analytical and Testing, Beijing Normal
University. Aerosol elemental composition data from this
laboratory is highly regarded for its quality and has been
widely recognized (Zhang et al, 1993; Cong et al., 2007).

Table 1
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Details of the analytical procedures are given elsewhere
(Zhang et al., 1993). Eighteen elements (S, Cl, K, Ca, Ti, V, Cr,
Mn, Fe, Ni, Cu, Zn, As, Se, Br, Sr, Zr and Pb) were determined.
As quartz filters were used in order to obtain organic and
elemental carbon concentrations as well (Han et al., 2008a),
Si, Mg and Al concentrations were not retrieved in this study.
The detection limit and the % error were also obtained, for
each particle and element, by the spectrum fitting software
GUPIX. The detection limits ranged from 2 to 17 ng m™> for
these different elements, except for S, which had a detection
limit of about 50 ng m™3. The % error was smaller than 10% for
8 elements (S, Cl, K, Ca, Ti, Mn, Fe, and Zn), and 10-20% for the
other 10 elements. All elemental concentrations were
corrected from blank filters and then converted into the
standard conditions according to the local air pressure.

3. Results and discussion
3.1. Elemental composition

Statistical results for the element concentrations of PM, 5
and TSP in summer 2006 are shown in Table 1. Element
concentrations of PM, 5 from urban areas in East Asia are
listed for comparison. In general, the decreasing order of
average element concentration in PM, 5 was S, Ca, Fe, K, Mn,
Cl, Zn, Zr, Pb, Sr and Ti. The remaining seven elements varied
slightly from 6.1 to 9.4 ng m™>. In TSP, the decreasing order of
element concentration was Ca, Fe, S, K, Ti, Mn, Cl, Pb, Sr, Zr, Ni,
Zn, As and Br, with the remaining four elements being lower
than 10 ng m™>. S, Ca, and Fe were the major elements in
PM, 5, while Ca, Fe, S, and K were the major elements in TSP.
Crustal elements Ti, K, Fe and Ca, as well as Pb, Ni and Sr
showed average TSP/PM, s ratios (calculated with synchro-
nously collected samples) higher than 2, indicating that they
were predominant in TSP. Pb and Ni, as anthropogenic
elements, were also in this group, which may be mainly
associated with the similar directional flows of crustal

Element concentrations (ng m™>) of PM,s and TSP in Daihai in summer (PM,5 from 40 samples; TSP from 14 samples), as well as some PM, s element

concentrations from urban cities in East Asia for comparison

Elements PM2.5 TSP Beijing Shanghai Taiwan Seoul, Korea

Aver SD. Min Max Aver SD. Min Max Chegong Tsinghua Hanan Tongji Taichung

Zhuang University Road  University

S 9242 820.6 1147 3704.7 880.0 6325 1147 21235 6570 6930 2270
a 370 157 8.0 91.1 539 442 80 1564 2050 2450 1810 1450
K 98.0 1511 23 8170 599.6 2632 23 9634 2830 3050 1980 1660 500
Ca 6184 4457 24 21340 27575 1001.6 24 43461 1230 1210 550 540 200
Ti 111 217 35 1352 95.0 55.1 35 183.0 7.0
v 6.8 22 15 18.0 6.7 04 04 7.6 6.3
Cr 6.1 37 04 15.3 6.6 50 04 20.7 335 2.0
Mn 639 944 102 5174 720 408 102 178.7 97 93 19.1 14.4
Fe 385.8 412.7 3.5 23294 18240 5834 3.5 26752 1140 1130 900 820 162.8 260
Ni 7.0 55 07 24.6 16.5 80 07 273 15 12 11.8 4.0
Cu 73 49 03 331 8.5 31 03 179 35 39 11.5 209
Zn 278 368 32 1957 124 13.7 32 444 480 570 177.8 160
As 74 36 09 213 103 20 09 122 8.7
Se 8.3 53 02 233 7.8 39 02 19 9 10 14
Br 9.4 6.7 08 29.3 10.2 52 08 237 17 23
Sr 14.0 94 04 381 29.2 175 04 56.7
Zr 241 128 34 58.3 204 11.7 34 375
Pb 204 204 18 1003 443 336 1.8 116.0 304 335 280 270 283.1 86.6

Reference This study

He et al. (2001)

Ye et al. (2003) Fang et al. (2003) Park and Kim (2005)
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elements, which also entrained Pb and Ni in the coarse
fraction (see section 3.3 and 3.4). The other elements showed
average TSP/PM, s ratios lower than 2.0, indicating that they
were predominant in PM, s.

Comparing PM, s element concentrations in Daihai with
those from urban cities in East Asia such as Beijing (He et al.,
2001), Shanghai (Ye et al., 2003), Taiwan (Fang et al., 2003),
and Seoul (Park and Kim, 2005) showed that anthropogenic
elements such as S, Cl, Cu, Zn and Pb were lower in Daihai by a
factor of at least five, whereas crustal elements such as Ca, Ti
and Fe had similar levels in the different areas. In the case of K,
which is generally thought to be of mixed origin such as
crustal material as well as biomass and fossil fuel combustion
(Ho et al., 2003; Kocak et al., 2007), the concentration was
much lower than in the above cities. In an area as remote as
Daihai it seems that crustal material was the predominant
source of K.

3.2. Enrichment factor (EF)

EF is often used to differentiate between elements
originating from human activities and those from nature (Al-
Momani et al., 2005; Han et al., 2006; Ragosta et al., 2008) and
is generally defined as follows:

EFx = (Cx/CR)zerosol/ (Cx/ CR) reference

where X represents the element of interest; Cx is the
concentration of X, and Cy is the concentration of a reference
element, which was commonly used as Al, Si, Ti, and Fe, etc. In
this study we selected Fe as the reference element. The aerosol

1000 o

100 o
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and reference subscripts refer to particles in the aerosol
samples and in reference materials. Generally both local soils
and the crustal material can be selected as the reference
materials (Ragosta et al., 2008), and crustal composition is
more often being used as it needs no further measurements
for the composition of local soils. However this may produce
biases since it might be not representative of the local
background. Daihai is located within the Loess Plateau of
China, and loess is mainly from wind dust accumulation and
has trace element concentration generally similar with or
close to those of the Upper Continental Crust (Wen, 1989; Han
et al., 2008b). Comparing the sediments in the margin of the
Lake Daihai (Jin et al., 2006; Han et al., 2007), which were
thought to have little sedimentary sorting and catchment
weathering (Jin et al., 2006), to the Upper Continental Crust
(Wedepohl, 1995) revealed small differences in their element
concentrations. Thus in this study the Earth's crust (Wede-
pohl, 1995) was selected as the reference material.

Fig. 2 shows the EFs of 18 elements in PM,s and TSP,
respectively, in decreasing order of PM, 5 elements. It has been
well established that elements with EF less than 10 are due to
crustal emission while elements with EF greater than 10 are
considered highly enriched and originate from non crustal
sources (Finlayson-Pitts and Pitts, 2000; Al-Momani et al.,
2005). Overall, all elements, except K and Ti, showed higher
enrichment in PM, s than TSP. Elements such as Br, As, S and
Pb, showed strong enrichment both in PM, 5 (>266) and in TSP
(>30), indicating that they originated from anthropogenic
sources. For the other group of elements, including Zn, Cu, Zr,
Ni, Mn, Cl, Se, V and Cr, the EF values ranged from 10 to 100 in
PM, s, while in TSP they were less than 10. Elements Sr, Ca, K, Ti

ESSNTS P
M,

Mn ClI Se Vv

Elements

Fig. 2. Comparison of the enrichment factors of trace elements in TSP and PM; s. Br, As, S and Pb showed EFs higher than 200 in PM, s and higher than 30 in TSP; Zn,
Cu, Zr, Ni, Mn, Cl, Se, V, and Cr had EF values higher than 10 in PM, s, but lower than 10 in TSP; Sr, Ca, K and Ti had EFs lower than 10 in both TSP and PM s.
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A) Summer

Mongolia

China

Fig. 3.120-h backward air mass trajectories passing over Daihai in summer during the sampling time (produced using NOAA ARL Website: www.arl.noaa.gov/ready/,
after Han et al., 2008a). The trajectories were divided into southward air mass inflow (red) from central China, northward inflow (yellow) from Mongolia, and
westward inflow (blue) from Middle Asia. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and Fe showed low EFs (<10) in both sizes of particles.
Therefore, Br, As, S and Pb were considered to be indicators of
anthropogenic sources, Sr, Ca, K, Ti and Fe to be indicators of
natural sources, and all other elements of pollution sources
found only in PM, 5.

3.3. Back trajectory analyses on PM, 5 elements

Lagrangian integrated back trajectories (HYSPLIT, Draxler
and Hess, 1998) have been made by Han et al. (2008a). The
trajectories were classified into three directional groups; that
is, northerly transport from Mongolia, southeasterly transport
from central China, and westerly transport from Middle Asia
(Fig. 3). The element concentrations in PM, 5 that correspond
to each trajectory direction are summarized in Table 2. The
highest average concentrations of crustal elements such as K,
Ca, Ti and Fe were linked to the northerly flows, indicating
that the dust sources in Daihai arise mainly from the
Mongolia Gobi desert. For the non-crustal elements, the
correlation between the average element concentrations and
trajectory was not clear. For example, S and Zn as indicators of
industrial-induced elements distinctly showed the highest
average concentration in association with southeasterly

Table 2

flows, exceeding the corresponding concentrations associated
with the remaining two directional flows by a factor of about
2. The remaining elements showed small differences in their
average concentrations with respect to the three directional
flows by a factor of less than 1.5. Pb, Ni, and Br, which had
higher TSP/PM, s, showed higher concentrations associated
with the northerly flows.

Using concentration variations from different trajectory
directions, it was not easy to differentiate the human-induced
sources resulting from long-range transport from those of
natural origins. Thus, average EFs corresponding to each
trajectory direction were also calculated as listed in Table 2.
Crustal elements such as K, Ca, Ti and Fe showed low EF values
and small differences between the three directional flows. The
remaining elements, S, Cl, V, Cr, Mn, Ni, Cu, Zn, As, Br, Sr, Se and
Pb, all showed highest average EFs associated with south-
easterly flows and lowest average EFs with westerly flows,
indicating the highest intensity of human sources was from
central China. The elements of Cl, V, Mn, Ni and Se showed EFs
associated with westerly flows less than or close to 10,
indicating small or little human sources. This is in good
agreement with the characteristics of the Daihai location.
Daihai is bordered to the south and southeast by industrialized

Element concentrations and enrichment factors (Fe as the reference element) associated with different air masses in Daihai in summer; Fe was used as the

reference element

Direction S Cl K Ca Ti \Y Cr  Mn Fe Ni Cu Zn As Se  Br Sr Zr Pb
Northerly Concentration 673.8 40.6 1459 8164 194 6.6 64 659 5626 78 96 177 75 9.7 105 138 313 254
EE 189.0 164 0.5 26 04 141 103 139 1.0 206 610 499 7349 192 14196 77 325 280.7
Westerly Concentration 664.1 294 673 6742 57 61 54 317 4197 65 53 137 63 70 78 163 210 18.0
EF 1160 75 0.3 1.8 02 77 46 63 1.0 129 280 274 4316 74 9041 59 120 158.8
Southeasterly Concentration 12813 394 833 4360 87 74 64 839 2337 68 70 445 81 82 95 125 208 183
EE 494.0 236 0.7 21 05 209 146 26.8 1.0 332 799 1783 12205 19.5 2519.6 103 281 3271

The directions correspond to the results of the back trajectory analysis (Fig. 3).
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Table 3
Rotated component matrix for PM, s elements in Daihai
Compositions Principal components Extraction
1 2 3 4 5
S -0.148 0.650 0493 0302 -0.102 0.789
cl 0264 0.699 0.226 0.096 0.082 0.625
K 0.891 0.071 0357 -0.031 0.134 0.945
Ca 0.797 0.104 -0.243 0.008 0.321 0.807
Ti 0911 0.080 0.093 0.185 -0.084 0.887
\ -0.389 0806 -0.120 0.202 0143 0.877
Cr 0.046 0467 0.026 -0.008 -0.406 0.386
Mn 0109 0.160 0.851 -0.062 0.010 0.765
Fe 0965 0.041 -0.066 0.022 0.078 0.943
Ni 0.669 0.008 -0.170 -0.227 -0453 0.733
Cu 0.101 0171 -0.043 -0.044 0.804 0.690
Zn -0189 0701 0392 0374 0.028 0.821
As 0275 0.793 0.095 -0.103 0.068 0.729
Se -0.029 0.049 -0.074 0.873 -0.058 0.775
Br 0484 0140 0182 0.677 0.091 0.754
Zr 0174 0.684 -0388 -0.175 0.127 0.695
Pb 0.660 -0.116 0476 0.177 -0.256 0.773
Initial Eigenvalue 4716 3481 1842 1.668 1287
% of variance 27741 20477 10.834 9.812 7.572
Cumulative% 27.741 48.218 59.051 68.863 76.435

PCA loadings >0.4 are shown in bold. Factor loadings >0.71 are typically
regarded as excellent and <0.32 as very poor (Han et al., 2006).

continental areas of China, Shanxi province, the base of coal
mining industry in China. To the north, industrial regions such
as Huhhot city, the capital of Inner Mongolia, and Baotou city
can be found, while to the east, desert belts of Mu Us and
Kubugqi are located. Thus, it is to be expected that more human
contaminants are associated with the southeasterly flows and
less with the westerly flows. This is also in agreement with a
previous study examining Cu and Pb history using sediment
cores obtained in Daihai (Han et al., 2007).

Interestingly, Zr showed a different EF pattern from all
other elements. The average EF of Zr influenced by northerly
flows was higher than that associated with southeasterly
flows. Although the average EFs were higher than 10 in all
three directional flows, Zr is generally thought to be a
lithogenic element (Shotyk et al., 2001). The high EFs may
be attributable to the source of primary bedrock in the Daihai
region, which is characterized by Archean metamorphosed
igneous rocks and Tertiary basalt (Han et al., 2007), both of
which contain high Zr (Shotyk et al., 2001; Jin et al., 2006).

3.4. Determination of the main origin of the elements in PM5 5

Principal component analysis (PCA) with Varimax rotation
(eigenvalues >1) was applied to the PM,s data to obtain
groups containing species with similar behavior and to
identify their possible sources. Sr was excluded from the
PCA analysis because its extraction was lower than 0.6. Table 3
displays the factor loadings with a VARIMAX rotation as well
as the eigenvalues. Five principal factors were obtained,
accounting for 76.44% of the total variance. The first factor
was dominated by K, Ca, Ti, Fe, Ni, Br and Pb, accounting for
27.74% of the total variance. Ni, Pb and Br loadings were lower
than 0.7, which may imply a quasi-independent behavior
within the group (Han et al., 2006). This group was
attributable to mineral dusts from northerly flows, especially
with regard to K, Ca, Ti and Fe. Ni, Pb and Br, which are

generally thought to be anthropogenic elements, are also
incorporated in this group. This may be attributed to the
northern flows associated with these elements. From the back
trajectory analyses, higher concentrations of Pb, Ni and Br can
be found to be associated with the northerly flows than with
the other two directional flows (Table 2). Huhhot city is
located less than 100 km from Daihai to the northwest,
possibly contributing to the high loadings of anthropogenic
elements in this group. This is also in good agreement with
the TSP/PM, 5 ratio, which showed that Pb is more abundant
in TSP.

The second factor had high loadings of S, Cl, V, Zn, Zr, and
As, as well as a proportion of Cr, accounting for 20.48% of the
total variance. This source was interpreted as a miscellaneous
industrial factor. Overall, back trajectory analyses demon-
strated higher concentrations of S, V, Zn, As and Cr associated
with the southeasterly flows (Table 2). Cl, which is generally
regarded as of sea salt origin, was incorporated in this group,
and may also be attributed to the long-range transport of
pollutants from southeasterly flows. The third factor was
characterized by Mn, S and Pb, reflecting the effect of traffic
resuspension. Mn is generally thought to be a crustal
component (Han et al., 2006; Kocak et al., 2007). This group
may be affected by a road located about 500 m away from the
sampling location. The fourth factor was loaded mainly by Se
and Br. Se is typically associated with coal combustion
(Pekney et al., 2006), and indeed a coal-fired power plant is
present to the south of Daihai that was performing test at the
end of 2005. The last factor presented high loading of Cu. Ni
and Cr had lower loadings (<0.5) and were negatively
correlated with Cu in this group. It is not easy to target their
sources. Since Cu, Ni, and Cr all have industrial contributions,
copper metallurgy may be the main source.

4. Conclusion

In this study, monitoring of trace elements in TSP and
PM, 5 was performed in Daihai, a monsoon-sensitive region.
S, Ca, and Fe were found to be the major elements in PMj s,
whereas Ca, Fe, S, and K were the major elements in TSP.
Compared with the concentrations in PM; 5 from urban cities
in East Asia, anthropogenic elements were much lower in
Daihai, while crustal elements such as Ca, Fe and Ti showed
similar levels. EF analysis revealed that Br, As, S and Pb were
indicators of anthropogenic sources, while Ca, K, Ti, Sr and Fe
of natural sources. Other elements were regarded as marker
elements of pollution sources only in PM,s. Back trajectory
analyses associated with the element concentrations indi-
cated that crustal elements such as K, Ca, Ti and Fe had
distinctly higher concentrations under the influence of
northerly flows than that of the remaining two directional
flows, while anthropogenic elements showed no clear
pattern. High EF values of non-crustal elements were related
to the southeasterly flows. This suggests that long-range
transport of pollutants from central China under the summer
monsoon may be the most important factor affecting air
pollution in Daihai. As a result of PCA analysis, five factors
were revealed, explaining about 76.4% of the elemental
compositions. Source apportionment showed that crustal
elements such as K, Ca, Ti and Fe may be linked to the
northerly flows, which also influenced Pb, Ni, and Br loadings.
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Miscellaneous industries were associated with high loadings
of S, Cl, V, Zn and As, as well as a proportion of Cr. Se and Br are
of coal combustion origin.
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