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Abstract Aerosol samples were collected during
the scientific expedition to Mt. Bogda in July–
August, 2009. The major inorganic ions (Na+,
NH +

4 , K+, Mg2+, Ca2+, Cl−, SO 2−
4 , and NO −

3 )
of the aerosols were determined by ion chro-
matography. SO 2−

4 , NO −
3 , and Ca2+ were the

dominate ions, with the mean concentrations of
0.86, 0.56, and 0.28 μg m−3, respectively. These
mean ion concentrations were generally compa-
rable with the background conditions in remote
site of Xinjiang, while much lower than those
in Ürümqi. Morphology and elemental composi-
tions of 1,500 particles were determined by field
emission scanning electron microscopy equipped
with an energy dispersive X-ray spectrometer.
Based on the morphology and elemental com-
positions, particles were classed into four major
groups: soot (15.1%), fly ash (4.7%), mineral par-
ticles (78.9%), and little other matters (0.8% Fe-
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rich particles and 0.5% unrecognized particles).
Presence of soot and fly ash particles indicated
the influence of anthropogenic pollutions, while
abundance mineral particles suggested that nat-
ural processes were the primary source of aerosols
over this region, coinciding with the ionic analysis.
Backward air mass trajectory analysis suggested
that Ürümqi may contribute some anthropogenic
pollution to this region, while the arid and semi-
arid regions of Central Asia were the primary
source.
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Introduction

Aerosol particles are ubiquitous in the at-
mosphere and exert an important influence on
global climate and the environment. They affect
the Earth’s radiation budget, and hence climate,
directly through the scattering, and absorption of
light and indirectly by acting as cloud conden-
sation nuclei (Buseck and Pósfai 1999). Increas-
ing attention has been devoted to the study of
aerosols; however, they still represent a major un-
certainty in the knowledge of climate change due
to high spatial and temporal variability in their at-
mospheric loading and properties. Thus, detailed
information on chemical and physical properties is



410 Environ Monit Assess (2011) 180:409–426

important for the aerosol studies. Water-soluble
ions comprise a large part of aerosol particles
and play an important role in the atmosphere.
Knowledge of the water-soluble ions of aerosols
can provide information on the effect of re-
gional and local pollution on the ecosystem health
(Wang et al. 2005). Meanwhile, individual-particle
analysis through scanning electron microscopy
equipped with energy dispersive X-ray instrument
(SEM/EDX), can provide a great amount of infor-
mation that cannot be obtained though bulk ionic
analysis (e.g., Shi et al. 2003; Reid et al. 2003; Gao
et al. 2007; Srivastava et al. 2009). It can provide
specific information on particle size, morphology,
elemental composition, as well as surface coatings
and agglomeration (Paoletti et al. 2002). Such
analysis approaches can complement each other,
giving a more clear view of aerosol properties.
While combined analysis has been widely used to
study aerosols in urban areas and some other area
(e.g., Yue et al. 2006; Sharma and Srinivas 2009;
Cong et al. 2010), little is conducted over Cen-
tral Asian alpine site, especially in the Tianshan
Mountains.

The Tianshan Mountains (Tianshan), located
at the center of the arid and semi-arid regions of
Central Asia, contains the most inland glaciers in
the world. Dust storms (Asian dust) originating
from the region are transported eastward, on a
hemispheric scale, impacting eastern China, North
and South Korea, Japan, and the USA as well.
Transport and deposition of the dust plays a sig-
nificant role in the biogeochemical cycles and at-
mospheric chemistry of the northern hemisphere
(Arimoto et al. 2006). Mt. Bogda with the high-
est elevation of 5,445 m above sea level (a.s.l.)
over the eastern Tianshan provides a unique op-
portunity to improve our understanding of the
long-distance transport aerosols in the free tro-
posphere, which have potentially significant im-
pacts on regional and global climate. In addition,
Mt. Bogda lies approximately 60 km east and
commonly downwind from Ürümqi, the provincial
capital of Xinjiang Uygur Autonomous Region
with more than two million inhabitants, which has
been heavily air-polluted and evaluated as one
of the 10 heaviest air polluted cities over World
for the past two decades (Mamtimin and Meixner
2007). Aerosols collected from this area can also

give the opportunity to study the influence of
anthropogenic pollution on the remote area of
eastern Tianshan, which has been debated over
the past several years (e.g., Wake et al. 1992;
Williams et al. 1992; Sun et al. 1998; Hou et al.
1999; Lee et al. 2003; Zhao et al. 2008).

Due to the atrocious transport condition and
working environment near Mt. Bogda on the east-
ern Tianshan, studies on atmospheric chemistry
have been very limited to date on both temporal
and spatial scales. Two 0.5 m snowpits were drilled
in 1989 near Bogda Peak. Ion chemistry stud-
ies of the snowpits suggested that anthropogenic
pollutions from Ürümqi had affected the higher
concentration of sulfate on the glacier (Wake et al.
1992). However, there is no data reported to re-
flect the air conditions directly, and only using
sulfate concentrations in snow to deduce the an-
thropogenic pollution is insufficient (Cong et al.
2010).

In order to obtain an updated knowledge
of the air conditions, an intensive sampling
experiment for aerosol was conducted during the
scientific expedition to Mt. Bogda on the eastern
Tianshan from July 26 to August 4 in 2009. The
purposes of this study are to understand the
inorganic ion chemistry properties of the aerosols,
determine the elemental compositions and
morphological properties of individual aerosol
particles, identify their sources of origin, and
evaluate the influence of the anthropogenic
pollutions on the atmosphere over Mt. Bogda.
The intensive sampling of 10 days will help to
understand the characteristics of aerosols in
summer time, which is included in the low dust
periods (July to January). Although the field
experiment covered only 10 days, inorganic ion
chemistry and individual analysis of aerosols here
was attempted to be investigated for the first time.

Sampling and analysis

Site description

Eastern Tianshan is one of the most arid and far
inland glacierized regions in the world. Mt. Bogda
with the highest elevation of 5,445 m a.s.l. over
the eastern Tianshan, in particular, is just like
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an island surrounded by a sea of desert (Fig. 1).
In addition, Mt. Bogda lies approximately 60 km
east from Ürümqi, the capital city of Xinjiang
Uygur Autonomous Region. Both sides of Mt.
Bogda were controlled by the cold Mongolia high
pressure in winter and the westerly jet prevail
high above the mountains during summer (Wu
et al. 1983). Study of the aerosol characteristics
under such geographic and climatic conditions
will help us to understand the natural dust and
anthropogenic influence, which might be partly
responsible for the air quality of this glacierized
region. In this work, aerosol samples were col-
lected on the terminal moraine (43◦48′ N, 88◦16′
E, 3,546 m a.s.l.) of Bogda Fan-Shaped Diffluence
Glacier, which distributed on the northern slope
of Mt. Bogda. Because high altitude from 3,000 to
12,000 m a.s.l. is considered to be the mid- and
top-troposphere over Tianshan Mountains (Hu
2004), the sampling site in our study is consid-
ered to be under the influence of the free tro-
posphere, and sometimes receive the upper air
mass transported in the free troposphere. Bogda
Fan-Shaped Diffluence Glacier occupies a total
area of about 10.94 km2. The firn line has aver-
aged around 3,800–3,900 m a.s.l. and the altitude

of the end of the glacier was 3,620 m a.s.l. Dur-
ing the past decades, the glacier had shrunk and
retreated greatly (Li et al. 2010).

Aerosol sampling

Daily aerosol samples of total suspended parti-
cles (TSP) were collected for a 10-days period
from July to August in 2009. Aerosol samples
were recovered on Zefluor™ Teflon filters (2.0-
μm pore size, 47 mm diameter, Gelman Sciences)
using a 12-V diaphragm pump powered by so-
lar cells. Filters were loaded in the field and
mounted face down about 1.5 m above the ground
surface.

The air volume through the filter was measured
by an in-line meter and then converted into stan-
dard conditions according to the local ambient
pressure and temperature. The particle collection
efficiency (for particles as small as 0.035 μm) was
estimated to be >97% based on the mean flow
rate of 1.27 m3 h−1 over the filter (Liu et al.
1984). The sampling period for each aerosol sam-
ple was 3–12 h with sampling starting at 8:00 a.m.
to 14:00 p.m. (Beijing Time) depending on
weather conditions. No samples were collected

Fig. 1 Location map
of Mt. Bogda with
geographic environment
around the eastern
Tianshan
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Table 1 Meteorological status during the sampling period

Parameters Units Mean Range

Air pressure hPa 661.4 657.6–663.6
Temperature ◦C 4.7 1.4–7.7
R.H. % 57 27–82
Wind speed m/s 4.8 0.6–11.9

during rain/snow events. After sampling, filters
were removed from the filter holder into cleaned
airtight plastic containers and stored at 4◦C before
analysis. When loading or unloading the filters,
the operator wore plastic gloves and faced upwind
in order to minimize contamination.

An automatic weather station (AWS, Vantage
Pro2 Plus, Davis Company, USA) was placed
at the pass near the aerosol sampling site. Me-
teorological parameters, including air temper-
ature, wind speed and direction, precipitation,
air pressure, and relative humidity were mea-
sured simultaneously. The measurement resolu-
tion and uncertainties of these parameters are
0.1◦C (±0.5◦), 0.1 m/s (±5%), 22.5◦ (±4◦), 0.2 mm
(±4%), 0.1 hPa (±1 hPa), and 1% RH (±3%), re-
spectively. The actually measured meteorological
parameters were summarized in Table 1. The pre-
vailing winds were from northwest (Fig. 2) during
the sampling period.

Fig. 2 Frequency of wind direction during the sampling
period at Mt. Bogda

Sample analysis

All aerosol samples were analyzed in the clean
room of 100 class, using a Dionex Ion Chro-
matograph model DX-320. To sufficiently extract
the water soluble ions from the Teflon aerosol
filters, each filter was wetted by 200 μl ultrapure
methanol firstly, and then extracted with 25 ml
aliquots of ultra-deionized water for about 1 h
using an ultrasonic water bath device (e.g., Sun
et al. 1998; Zhao and Li 2004; Zhang et al. 2008).
After that, eight major inorganic ions (Cl−, NO −

3 ,
SO 2−

4 , Na+, NH +
4 , K+, Mg2+, and Ca2+) of the

aerosols were analyzed. The chromatography con-
ditions were as follows: for cations, CS12A ana-
lytical column, 15 mmol/L methane sulfonic acid
eluent, cation self-regenerating suppressor, and
200 μl sample injected; for anions, AS11-HC an-
alytical column, 12 mmol/L NaOH eluent, anion
self-regenerating suppressor, and 200 μl sample
injected. Average concentrations of 10 laboratory
blanks were (in ng/g): Cl− (3.66), NO −

3 (17.3),
SO 2−

4 (2.60), Na+ (2.61), NH +
4 (3.25), K+ (0.04),

Mg2+ (2.44), and Ca2+ (6.41), which were obvi-
ously lower than the concentrations detected in
aerosol samples. Mean blank values were sub-
tracted from sample concentrations. Then the
sample concentrations were divided by the sample
volumes (at standard conditions) of each sample
and converted into micrograms per cubic meters,
which were listed in Table 2. The precision, es-
timated from the standard deviation of repeat
measurements of standards, was less than 6% for
the measured ionic species; and the recovery of
each ion was in the range of 90–106%. Detailed
sampling methods and analytical techniques of
aerosols are described by Zhao and Li (2004).

Because the Teflon filters are not very con-
venient for individual particle analysis, Nucle-
pore membrane filters with pore size of 0.4 μm
(47 mm diameter, Whatman, UK) were used to
study the individual particles. After 400 μl sam-
ple solution injected into the ion chromatogra-
phy, 15 ml of each remainder solution of aerosol
samples was filtered with a Nuclepore membrane
under laminar flow immediately, and then air-
dried in the 100-class ultra-clean chamber. We
assume that, during the sample preparation, par-
ticles as the soluble part are completely removed
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Table 2 Concentrations and ion balances of the water-soluble inorganic ions over Mt. Bogda

Date Ion concentrations (μg m−3) �+ (μeq m−3) �− (μeq·m−3) �+/�−

Cl− NO −
3 SO 2−

4 Na+ NH +
4 K+ Mg2+ Ca2+

7-26 0.029 0.283 0.346 0.051 0.032 0.053 0.008 0.181 0.015 0.013 1.15
7-27 – 0.171 0.960 0.141 0.034 0.193 – 0.262 0.026 0.023 1.13
7-28 0.008 0.114 0.252 0.040 0.019 0.036 0.004 0.138 0.011 0.007 1.57
7-29 0.112 1.315 1.820 0.165 0.264 0.267 0.008 0.541 0.056 0.062 0.90
7-30 0.063 1.114 0.504 0.119 0.023 0.194 0.005 0.129 0.018 0.030 0.60
7-31 0.001 – 0.180 0.015 0.014 0.020 – 0.043 0.004 0.004 1.00
8-1 0.044 0.248 0.751 0.104 0.066 0.121 – 0.217 0.022 0.021 1.05
8-2 0.035 0.322 0.983 0.100 0.135 0.060 0.020 0.376 0.034 0.027 1.26
8-3 0.035 0.745 1.234 0.045 0.232 0.074 0.018 0.362 0.036 0.039 0.92
8-4 0.149 1.318 1.543 0.290 0.065 0.321 – 0.539 0.051 0.058 0.88
Mean 0.048 0.563 0.857 0.107 0.088 0.134 0.006 0.279 0.027 0.028 1.05
SD 0.049 0.514 0.557 0.080 0.092 0.104 0.007 0.171 0.017 0.020 0.26
Min 0.001 0.114 0.180 0.015 0.014 0.020 0.004 0.043 0.004 0.004 0.60
Max 0.149 1.318 1.820 0.290 0.264 0.321 0.020 0.541 0.056 0.062 1.57
Max/min 149 12 10 19 19 16 5 13 14 16 3

from the insoluble part, which is also the basic
principle to analyze the water soluble ions. This
filtration method has already been widely used to
study the individual aerosol particles recorded in
snow and ice cores (e.g., Cong et al. 2009; Laluraj
et al. 2009). For each Nuclepore membrane, sec-
tion of the total filter was cut and mounted onto
the electron microprobe stub, and coated with a
thin gold film (16 nm) for better conductivity and
a higher quality secondary electron image. The
signal of Au in the EDX diagrams is appeared
at the fixed opposition, and the gold film was too
thin to prevent proper identification of the other
elemental compositions. In our study, individual
particles were analyzed using a Field Emission
Scanning Electron Microscope JEOL JSM-6701F
(FESEM) equipped with an energy-dispersive
X-ray spectrometer (EDX/EDS). Operating con-
ditions were: accelerating voltage = 5 ∼ 10 kV;
spectral acquisition times = 60 s. X-ray analy-
sis was carried out with a conventional Si (Li)
detector with a Be window capable of detecting
elements with atomic numbers ≥11. Noran System
software for energy-dispersive microanalysis was
used for the quantitative analysis of individual
particles. The weight percent of elements was cal-
culated based on characteristic X-rays. Approxi-
mately 1,500 individual aerosol particles from 10
samples were examined using the FESEM-EDX
technique.

Results and discussion

Ion chemistry of aerosols over this region

Concentrations of water-soluble inorganic ions
in total aerosols

A total of 10 aerosol samples were collected
during the scientific expedition to Mt. Bogda.
To provide a general indication of the chemi-
cal composition characteristics, daily variations of
the concentrations for the major inorganic ions
(Na+, NH +

4 , K+, Mg2+, Ca2+, Cl−, SO 2−
4 , and

NO −
3 ) are shown in Table 2. Of all anions, sul-

fate was the dominant component followed by
nitrate, while concentration of chloride was much
lower. The concentration of SO 2−

4 varied from
0.18 to 1.82 μg m−3, with the mean value of 0.86 ±
0.56 μg m−3, while concentration of NO −

3 varied
from 0.11 to 1.32 μg m−3, with the mean value of
0.56 ± 0.51 μg m−3. Mean concentration of Cl−
was about 0.05 ± 0.05 μg m−3. With respect to
cations it could be found that calcium was the
most prominent component. The concentration
of Ca2+ varied from 0.04 to 0.54 μg m−3, with
the average value of 0.28 ± 0.17 μg m−3; while
concentrations of the other analyzed cationic
species (K+, Na+, NH +

4 , and Mg2+) had the lower
level of concentrations, which was about 0.006–
0.13 μg m−3 on average.
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To evaluate the acid-base balance of aerosol
particles over this region, we converted the ions’
mass concentrations into equivalent concentra-
tions (μeq m−3) as follows:

∑ + = Na+/23 + NH +
4 /18 + K+/39

+ Mg2+/12 + Ca2+/20 (1)

∑ − = Cl−/35.5 + NO −
3 /62 + SO 2−

4 /48 (2)

And then the ratios of the sum of the equivalent
concentrations of cations to anions (�+/�−) were
calculated and presented in Table 2. The ion bal-
ance expressed by the sum of the concentrations
of anion-to-cation is a good indicator to study the
acidity of the environment (e.g., Wang et al. 2005;
Wu et al. 2006; Khoder and Hassan 2008; Shen
et al. 2009; Verma et al. 2010).

From Table 2, it was found that the ratio calcu-
lated for the entire aerosol samples ranged from
0.60 to 1.57. Such shifts in the ion balance are
probably attributed to the different air masses
that arrived at the sampling site, which resulted
in the different air conditions (acidic or alka-
line) by different origin (natural or anthropogenic
sources). The �+/�− ratios for the aerosol sam-
ples on July 29–30 and August 3–4 were smaller
than 1.0, which indicated that these samples were
acidic. This is possible due to the much more
increasing of NO −

3 and SO 2−
4 than the cations.

The �+/�− ratios for the aerosol collected on July
31 was 1.0, suggesting that aerosol particles in this
day were almost neutral. The ratios of the other
samples were more than 1.0, indicating that they
were more alkaline. The mean ratio of 1.05 was
close to 1, indicating that almost all of the ions had
been quantified. When the total equivalents of
anions were plotted against the total equivalents
of cations, the slope of the regression line was
slightly lower than unity (Fig. 3, slope = 0.83, R =
0.96), which implies cation deficiencies. It might
be attributed to H+, which was not counted in
the calculation, or due to parts of NH +

4 that was
probably vaporized into the gas phase (Wang et al.
2005, 2006; Shen et al. 2009). High temperature is
probably the primary reason for the vaporization
or volatilization of NH +

4 (Khoder and Hassan

Fig. 3 Ion balance of the major water-soluble inorganic
ions in the aerosols over Mt. Bogda

2008). However, the lower temperature over this
glacierized region (Table 1) may contribute lit-
tle vaporization or volatilization of NH +

4 in our
samples. Organic ions are another important con-
stituent of the aerosol particles, the lack of the
organic ions would cause some estimated errors
of the ion balances. Due to the ions like formate,
acetate, and other organic acid ions will contribute
to the sum of the equivalent concentration of
anions �−, the real values of the �+/�− ratios
will become smaller. Therefore, the larger values
of the �+/�− ratios on several days are probably
attributed to the organic ions (formate, acetate,
etc.), carbonate, bicarbonate, F−, NO −

2 , PO 3−
4 ,

and Br− were not determined in the present study
(Wang et al. 2005; Khoder and Hassan 2008).

Correlation between ionic species in aerosols

To identify and separate the impact of various
sources, correlation coefficients between the ionic
species were calculated and shown in Table 3.
Significant positive correlation coefficients were
found between Ca2+ and SO 2−

4 (r = 0.964 at
p = 0.05), while Ca2+ also correlates well with
Na+, K+, Cl−, and NH +

4 . Due to calcium is
usually rich in the desert and loess soils and
even the atmospheric aerosol particles collected
from the desert and loess areas, Ca2+ was al-
ways accepted as a proxy for dust in the stud-
ies of snow and ice chemistry (e.g., Mayewski
et al. 1993; Wolff 1996). Previous studies over
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Table 3 Inter-species
correlation coefficients

*p = 0.05; **p = 0.01

Cl− NO −
3 SO 2−

4 Na+ NH +
4 K+ Mg2+ Ca2+

Cl− 1.000 0.902* 0.738** 0.843* 0.384 0.832* −0.064 0.773*
NO −

3 1.000 0.728** 0.709** 0.495 0.813* 0.082 0.697
SO 2−

4 1.000 0.714** 0.772* 0.742** 0.235 0.964*
Na+ 1.000 0.130 0.934* −0.268 0.736**
NH +

4 1.000 0.229 0.630 0.718**
K+ 1.000 −0.324 0.687**
Mg2+ 1.000 0.304
Ca2+ 1.000

Tianshan Mountains found that the surrounding
desert and arid regions were usually considered
to be the primary sources of Ca2+ (e.g., Williams
et al. 1992; Sun et al. 1998; Aizen et al. 2004;
Zhang et al. 2008). Okada and Kai (2004) also
found that the calcium-rich mineral particles in
the desert usually present as CaCO3, CaSO4, and
internal mixture of CaCO3 and CaSO4 or sili-
cates. Therefore, significant correlation with Ca2+
suggests that SO 2−

4 may also originate from the
desert dust and existed as CaSO4. Besides, evap-
orite deposits abundant in sulfate salts (includ-
ing gypsum) existed in the regions to the west
of Tianshan in the Aral Sea/Kuzul Kum desert
region are another important natural sources of
SO 2−

4 (Kreutz and Sholkovitz 2000). Of course,
oxidation of the SO2 emitted from coal burning
for house heating domestically and industries is
another possible source of SO 2−

4 . Ürümqi, which
lies approximately 60 km away in the west of Mt.
Bogda, has been heavily air-polluted by the heat-
ing with coal combustion (Mamtimin and Meixner
2007; Li et al. 2008). Although there was little
house heating domestically in summer, coal burn-
ing for industries and other fossil fuels burning
were still the potential pollution sources of SO 2−

4
to this region. To separate anthropogenic source
from natural source of SO 2−

4 , the value of the
equivalent concentration ratio of SO 2−

4 /Ca2+ was
calculated as described by Ming et al. (2007).
High values of SO 2−

4 /Ca2+ (43.2 and 138.8) in
Mt. Qomolangma suggested that SO 2−

4 have the
major anthropogenic sources, while lower values
(3.8) suggested the major dust sources (Ming et al.
2007). The values of SO 2−

4 /Ca2+ in our samples
only ranged from 0.8 to 1.8. Thus, it indicated that
SO 2−

4 in our samples was mainly controlled by the
natural processes.

Significant positive correlation coefficients
were also found between SO 2−

4 and NH +
4 (r =

0.772 at p = 0.05), suggesting the neutralization by
ammonia gas to the exceeded SO 2−

4 . The high cor-
relation coefficients between each other of SO 2−

4 ,
Ca2+, and NH +

4 concentrations indicate that the
forms of (NH4)2SO4·CaSO4·2H2O likely existed
in the aerosols (Khoder and Hassan 2008). The
secondary aerosol (NH4)2SO4 is usually formed
by the oxidation of SO2 to form the gas phase
of H2SO4 and then reacted with NH3. The for-
mation was significant in summer due to the con-
version of gaseous precursors (Wang et al. 2005).
Ammonia (NH3) was the most abundant gaseous
alkaline component in the atmosphere. The po-
tential sources for ammonia over this region are
human and agriculture activities such as animal
farming, fertilizers, and organic decomposition
(Sun et al. 1998; Kreutz et al. 2001; Wu et al.
2006; Verma et al. 2010). Insignificant positive
correlation coefficients were found between NH +

4
and other ions, indicating that they were from
different sources.

Na+, K+, and Cl− show significant positive cor-
relation coefficients with other ions except NH +

4
and Mg2+. High correlations with Ca2+ indicate
that Na+, K+, and Cl− may have the same desert
sources. Halite (NaCl) particles were commonly
detected in the aerosol particles collected over
the Taklamakan Desert (Okada and Kai 2004).
Wake et al. (1990) and Sun et al. (1998) have
also pointed out Na+ and Cl− in the Tianshan
represent an input of Na+ and Cl− rich dust
originating from the extensive evaporate deposits
in the arid regions surrounding these mountain
ranges. Potassium is probably also derived from
these evaporites, because it is higher correlations
with sodium.
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NO −
3 is almost the reaction product of NOx

emission, while the NOx emission is mainly due to
fossil fuel combustion and biomass burning (Wang
et al. 2006; Wu et al. 2006). Under an alkaline
atmospheric environment, gaseous HNO3 formed
by the oxidation of NOx can be absorbed on the
surface of mineral particles and reacted to form
salts (Mamane and Gottlieb 1992). This may be
the reason that NO −

3 has significant correlations
with Na+, K+, and Cl−. Previous studies found
that automobile exhaust is a major contributor of
NO −

3 (e.g., Arimoto et al. 1996; Wang et al. 2005,
2006; Khoder and Hassan 2008; Bhaskar et al.
2009). Glaciochemical investigation from Belukha
glacier also pointed out that the increased nitrates
resulted from the growth of traffic and the asso-
ciated rise of the emission of precursor gases NOx

(Olivier et al. 2003). Therefore, the higher content
of NO −

3 in our study is likely related to the an-
thropogenic pollutions, and traffic emissions from
Ürümqi may be the potential source.

Comparison with data of the previous study
and other areas

In our study, mean ion concentrations of aerosol
samples were in the order of SO 2−

4 > NO −
3 >

Ca2+ > K+ > Na+ > NH +
4 > Cl− > Mg2+,

which was different from the chemical composi-
tions of snowpits samples collected at this region
in 1989 (Wake et al. 1992). For the snowpits
samples, mean ion concentrations (in μg m−3)

followed the order SO 2−
4 (3,355.2 μg m−3) > Ca2+

(1,726 μg m−3) > Na+ (1,568.6 μg m−3) > Cl−
(443.8 μg m−3) > NO −

3 (328.6 μg m−3) > Mg2+
(120 μg m−3) > K+ (113.1 μg m−3). As the snow-
packs in April 1989 represented approximately
6 months’ accumulation including the winter of
1988 and spring of 1989, ion concentrations of
the snowpits samples were much higher than that
of our aerosol samples. Higher contributions of
NO −

3 in aerosols than snowpits cannot be sim-
ply concluded as an increase in anthropogenic
aerosol concentrations in this region between 1989
and 2009, due to the complicated air-to-snow-to-
firn transfer processes. According to the study
by Zhao et al. (2006), nitrate was found to be
highly mobile in the snowpack, and appeared
to be preferentially leached downward into the

ice layer, thus, concentrations of NO −
3 seemed

lower in snowpits. Due to the complicated transfer
processes, only use the NO −

3 in snowpits cannot
reflect whether there were anthropogenic pollu-
tions affecting this region in 1989. Lower abun-
dance of Ca2+ in aerosols is likely attributed to
the low dust sampling period than spring. Due
to the various sources (anthropogenic or crustal)
of SO 2−

4 in atmosphere (Ming et al. 2007), the
similarity between the contributions of SO 2−

4 in
aerosols and snowpits samples cannot be just
considered as a reliable proxy for anthropogenic
emissions which was proposed by Wake et al.
(1992).

We also compared the data with urban and
background areas in Xinjiang to estimate the con-
tributions of natural and anthropogenic sources.
The comparison with the ion concentrations of
TSP in Ürümqi (Li et al. 2008), the heavily
air-polluted capital city of Xinjiang Uygur Au-
tonomous Region, shows that the major ions
(Na+, NH +

4 , K+, Mg2+, Ca2+, Cl−, SO 2−
4 , and

NO −
3 ) concentrations of aerosols over Mt. Bogda

were 18 to 333 times lower than those in Ürümqi.
Although the little higher concentrations of NO −

3
and NH +

4 and exceed SO 2−
4 over Mt. Bogda are

likely attributed to the anthropogenic activates
from Ürümqi, such low levels of ions concentra-
tions than Ürümqi indicated that anthropogenic
pollutions from Urumqi has not been a critical
issue in the control of air quality of this region.
Akdala (47◦06′ N, 87◦58′ E, 562 m a.s.l.), located
at the northern Xinjiang, is a remote China At-
mosphere Watch Network station, which has been
shown to be minimally impacted by dust and lo-
cal sources of pollution and is representative of
“background” conditions in the mid-latitudes of
northwestern China (Qu et al. 2009, 2010). If we
accept an assumption that Akdala is representa-
tive of background conditions, we can compare
samples from Mt. Bogda to the “background”
condition, especially the ions might originated
from anthropogenic activates. It can be found
that except the higher concentrations of NO −

3
on July 29–30 and August 3–4, concentrations of
SO 2−

4 , NO −
3 , and NH +

4 in our samples are lower
than the mean concentrations of Akdala, which
were 3.3, 0.58, and 0.60 μg m−3, respectively. This
comparison suggests that although anthropogenic
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pollutions have some impact, ion concentrations
of Mt. Bogda were comparable with the back-
ground conditions and natural processes were still
the primary source of the aerosols.

Individual particles analysis

The final dataset included 1,500 particles analyzed
on 10 filters. The particles were grouped into four

Fig. 4 FESEM images of
typical aerosol particles:
a chain-like soot
aggregates; b soot
aggregates (cluster);
c spherical fly ash;
d alumosilicate; e SiO2;
f calcium sulfate;
g CaCO3; h Fe-rich
particles
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dominant types according to their morphology
and EDX signal. Figure 4 shows the typical indi-
vidual particles loaded on the filters at different
magnifications. The distinct characteristics and
possible origins of each group are described in
detail as follows.

Soot

Soot aggregates which account for about 15.1%
were common in the samples. It could be easily
recognized by its unique morphology as an ag-
glomeration of spherical particles with diameters
between 20 and 50 nm. In our study, soot particles
consisted of two dominant morphological types:
small chain of spherulites (Fig. 4a) and large ag-
gregated clusters (Fig. 4b). The small chain may
be recognized as the aged soot according the
study by Hu et al. (2009). However, other stud-
ies also found that the morphology varies from
short chains to complex clusters, which depend on
different types of fuels, burning conditions, and
atmospheric processing (Chakrabarty et al. 2006;
Yue et al. 2006; Cong et al. 2010).

Soot particle (black carbon) is an incomplete-
combustion product of biofuel, fossil fuel (e.g.
petroleum, diesel, and etc.), and biomass burning
(Ming et al. 2009). It is usually considered as the
product of vehicle exhausts (gasoline or diesel)
(Shi et al. 2003; Yue et al. 2006). Aerosol studies
of Ürümqi found that soot, originated form the ve-
hicle exhausts, was one of the abundant particles
in the air (Li et al. 2005). Thus, the soot particles
over Mt. Bogda may be transported from Ürümqi,
which coincide with the ionic analysis and indicate
the anthropogenic pollution during this period.

Due to the contribution to climatic change
(global warming), reduced visibility, and adverse
health effects, soot aerosol is drawing more and
more attention from scientists. Studies found that
soot aerosols deposited on glaciers have been a
significant contributing factor to observed rapid
glacier retreat (Ming et al. 2009; Xu et al. 2009).
As relatively large amounts of soot particles were
observed over Mt. Bogda, we hypothesize that it
could be a potential contributor to the glacier re-
cession in this region. However, further investiga-
tion is required to give a quantitative assessment
of such influence.

Fly ash

Fly ash is characterized by a smooth spherical
shape with the size larger than 100 nm (Fig. 4c).
Chemical compositions of these particles were
predominately aluminosilicates, which is similar
to the soil particles (Xie et al. 2005, 2009). How-
ever, the soil particles usually have pronounced
irregular shapes; the fly ash particles are, in
most cases, nearly spherical. Generally, spherical
particles are derived from fluid melts due to high-
temperature combustion (Xie et al. 2005). There-
fore, coal combustion and metallurgical plants are
the main source of this type of particles. Aerosol
studies of Ürümqi found that fly ash particles were
abundant in winter, due to the coal combustion
for house heating domestically (Li et al. 2005).
In summer, metallurgical plants over Ürümqi still
emit these particles, although the coal combustion
for house heating has been terminated since April
16. That may be the illustration of the less percent
(4.7%) of fly ash particles collected in our study.

Mineral particles

Mineral particles, comprising aluminosilicates,
quartz, feldspars, gypsum, calcite, and etc., were
the richest particles over this region. The sizes
of mineral particles generally ranged from 0.5 to
11 μm. Although the sizes varied greatly, most of
the particles fall in the range of 0.5–2.5 μm. The
EDX spectra of aluminosilicates showed that they
contain significant amounts of Si and Al, in addi-
tion to some other elements like Na, Mg, K, Ca, Ti,
and Fe. In this study, particles contained mainly
of Si–Al–Ca, Si–Al–K, Si–Al–Fe, and Si–Ca were
also classified as aluminosilicates. Most of these
particles were irregular shapes (Fig. 4d), suggested
that they were from natural sources. Particles
containing predominantly silicon were classified
as quartz (SiO2), with the irregular shape shown
in Fig. 4e. As an important constituent of many
rock types and dust, quartz is almost ubiqui-
tous on land areas. In our study, alumosilicates
and quartz were the major particles with average
abundance of 59.6%. This is similar to the results
of aerosols collected from high Himalayas (Cong
et al. 2010) and a remote station in Kazakhstan
over Tianshan (Hoornaert et al. 2004). These par-
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ticles can mainly be attributed to the surrounded
dust sources or Eolian dispersion of soil particles.

About 19.3% particles were identified with
high abundances of Ca. Based on the EDX di-
agrams, these particles were then classified into
two types: calcium sulfates characterized by high
and approximately equal abundances of Ca and
S, while calcium carbonates characterized by the
only high relative X-ray intensities for Ca. Cal-
cium sulfates originates usually from two sources:
the primary natural source is gypsum, a typical
mineral in the earth crust; another possible origin
is through reactions of carbonates with sulfuric
acid during transport (Gao et al. 2007; Cong et
al. 2010). According to the irregular morphologies
(Fig. 4f), calcium sulfates in our study were likely
attributed to terrestrial sources, which existed
as gypsum. These particles accounts for about
11.4%, which suggest that sulfate concentrations
in snow from this area, cannot be just considered
as a reliable proxy for anthropogenic pollution,
special care should be taken to avoid misinter-
pretation. From the point of view of mineralogy,
calcium carbonates (Fig. 4g) were probably in
the form of limestone or calcite. Previous studies
found that the region to the west of the Tianshan,
between the Caspian and Aral Seas has the high-
est estimated amount of calcite on both a regional
and global scale (Claquin et al. 1999). Aerosol
particles collected from the desert and loess ar-
eas surrounding the Tianshan also contain a high
mass proportion of Ca (Okada and Kai 2004).
Therefore, these particles likely originated from
local desert soils or through long-range transport
from the west. However, an account of only 7.9%
suggests the lower input of these particles during
the low dust period.

Other particles

Other particles including Fe-rich particles and lit-
tle unrecognized particles account for only 1.3%.
Iron can originate from both natural and an-
thropogenic sources, e.g., from soil, mining, and
ferrous metallurgic industry. Besides, contribu-
tion from coal combustion is also possible, and
particles can be formed by oxidation of pyrite
(FeS2) in coal (Xie et al. 2009). Emitted by high-
temperature furnaces, these particles are usually

spherical (Cong et al. 2010). The almost spherical
shaped particle with smooth edges and surface,
shown in Fig. 4h, is therefore likely to have been
emitted by a high temperature process. However,
it may originate from the steel industry or from
coal combustion. The unrecognized particles con-
tained mainly organic particles with light elements
(such as C, N, and O) or biological particles. As
these particles account for only 0.5%, which is al-
most inexistent, they were remained unclassified.

In summary, ∼78.9% of the detected particles
over this region are probably from natural mineral
dust, while ∼21.1% of the particles may be emit-
ted by anthropogenic activities. It suggests that
natural processes were the primary sources, while
some anthropogenic pollution also contributed to
the aerosols over this glacierized site during the
sampling period. Albedo of glacier is a very im-
portant factor to impact its mass balance besides
net accumulation, air temperature, and flow dy-
namics. It was found that soot (black carbon) par-
ticles deposited on the surface of snow or ice could
enhance solar radiation absorption, reduce the
albedos intensively, and thus accelerate the melt-
ing of ice (e.g., Ming et al. 2009; Xu et al. 2009).
However, Takeuchi and Li (2008) suggested that
the albedo was also significantly reduced by the
surface dust on the glacier and mineral dusts on
the glacial surface substantially accounts for the
shrinkage of the glacier. Consequently, further
study is necessary to improve our understanding
of which is sufficient to the enhanced melting and
retreating of this glacier.

Relationships with air mass transport

To identify potential transport pathways and
possible source regions of aerosols over Mt.
Bogda, air mass back-trajectories were calcu-
lated by the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) model of the
Air Resources Laboratory of NOAA (Draxler
and Rolph 2003). HYSPLIT back-trajectories
have been widely used in previous studies (e.g.,
Marenco et al. 2006; Ming et al. 2007; Cong et al.
2010). In this paper, 5-day backward air trajecto-
ries were simulated with a daily resolution. Tra-
jectories terminated at the sampling site (43◦48′
N, 88◦16′ E, 3,546 m a.s.l.) at the beginning time
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(0:00 to 6:00 h UTC) of sampling were calculated
every day. Meteorological data fields to run the
model are available from the US National Centers
for Environmental Prediction global data assimi-
lation system. The vertical motion was calculated

by the meteorological model’s vertical velocity.
The model output is a set of latitude–longitude
coordinates of the air parcel estimated position
with the 12-h time interval and pressure vertical
coordinate.

Fig. 5 Daily backward trajectories arriving at the sampling site
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Fig. 5 (continued)

Figure 5 presents the daily backward trajec-
tories during the sampling periods. Most of the
air masses transported from west and northwest,
agreeing well with the meteorological data. Com-
bined with the ion concentrations listed in Table 2,

air masses arriving at the sampling site can be
classified into three types: (1) Air masses arrived
at July 29–30 and August 3–4, originated from
or transported through the arid regions of Kaza-
khstan, Kyrgyzstan, and Uzbekistan, and then
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Fig. 5 (continued)

passed through the urban area of Ürümqi, which
may result in the input of desert dust and some
anthropogenic pollution. Thus, the concentrations
of SO 2−

4 , NO −
3 , and Ca2+ were very high. (2)

Air masses arrived at July 26–28 and July 31,
represented the long-range aerosol transport of
air masses originated from Siberia and the Ural
Mountain. The lower concentrations of NO −

3 ,
NH +

4 , and even the lowest total ions on July 31
may attribute to these cleaner air masses. (3) Air
masses arrived at August 1–2, originated from
the Caspian Sea, passed through the arid-regions
of Uzbekistan and Kyrgyzstan and the northern
region of Taklamakan Desert, arrived at the sam-
pling site from southwest. These air masses re-
sulted in the higher concentrations of cations.

Besides, the relative contributions of individual
aerosol particles were also calculated then accord-
ing to the three trajectory types classified above.
Table 4 presents the numbers and relative abun-
dance of aerosol particles at different air masses,
which were simply represented by T1, T2, and T3.
Variations of the individual aerosol particles were
found to coincide with variability of the water-
soluble ions encountered at different backward

air mass trajectories. Total particle number dis-
tributions indicated that air masses in T2 were
the cleanest air masses which resulted in the least
particle numbers and almost lowest ion concentra-
tions on July 26–28 and 31, while the highest par-
ticle numbers at T1 coincide with the highest ion
concentrations on July 29–30 and August 3–4. The
relative concentrations of mineral particles, soot,
fly ashes, and other particles also revealed that
back air mass trajectories crossed over Ürümqi on
July 29–30 and August 3–4 resulted in the high-
est abundance of anthropogenic particles such as
soot and fly ash particles. It validated the trans-
port of anthropogenic pollutions from Ürümqi
to this glacier site. However, the most abun-
dant of mineral particles at these three different
types of backward air mass trajectories suggested
that the natural processes were still the primary
sources of the aerosols over Mt. Bogda. It can
be seen that although the air masses originated
from different sources, they all passed through the
arid and semi-arid regions of Central Asia, which
may contribute to the abundant mineral particles.
Previous research has also shown that synoptic
processes favorable in the Tianshan occurred from
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the west, suggesting that aerosol particles from
western Kyrgyzstan, Kazakhstan, Uzbekistan, and
Turkmenistan may be transported to the east
(Aizen et al. 2004).

Conclusions

Intensive sampling experiment for aerosols con-
ducted from July 26 to August 4 in 2009 provides
the first information of the atmosphere over Mt.
Bogda on the eastern Tianshan. Inorganic ion
chemistry and individual particle characteristics
of the aerosols were analyzed through ion chro-
matography and FESEM-EDX, respectively.

The results showed that SO 2−
4 and NO −

3 were
the dominant anions, and Ca2+ was the dominate
cation in this region. The mean equivalent ratio of
cations to anions was 1.05 close to 1.0, suggested
that almost all of the ions had been quantified.
The relationship between the eight inorganic ion
species and their origins were also discussed. Nat-
ural mineral sources were the main contributor
to most of the aerosol contents of Ca2+, SO 2−

4 ,
Na+, Cl−, and K+ at this region, while NH +

4 and
NO −

3 were likely originated from anthropogenic
activates. In comparison with the urban (Ürümqi)
and remote (Akdala) sites of Xinjiang Uygur Au-
tonomous Region, it was found that the major
ion concentrations were much lower than those in
Ürümqi, and some of the ions even lower than that
in the background area of Akdala, indicating that
the air quality of this galcierized region was still
controlled by the natural processes.

Individual particle analysis provided detailed
information on aerosol particles over Mt. Bogda.
Based on the morphology and elemental com-
positions, particles were classed into four major
groups: soot, fly ash, mineral particles, and little
other matters (Fe-rich particles and unrecognized
particles). Higher abundance of soot and fly ash
particles emitted from anthropogenic activities,
suggesting the impact of anthropogenic pollution
during the study. However, almost 78.9% of the
detected particles were mineral particles like alu-
mosilicates, quartz, gypsum, calcite, etc., suggest-
ing that natural dust processes were the primary
sources of aerosols over this region, which coin-
cided with the ionic analysis.
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Backward air mass trajectory analysis indicated
that air masses coming from the northwest and
west account for the air quality during the sam-
pling period. The arid and semi-arid regions of
Central Asia were the major sources of min-
eral particles of this region. Transport pathways
passed over the urban area of Ürümqi contributed
to the little higher concentrations of NO −

3 and
the higher occurrence of soot and fly ash par-
ticles emitted form the anthropogenic activities.
This study has provided important insight into
dust influence and anthropogenic pollutions in the
eastern Tianshan in summer; however, other mea-
surements are needed to determine their quantita-
tive impacts on the enhanced melting and glacier
retreating over this region.
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