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This research aimed to identify and characterize individual spherical fly ash particles extracted from surface snow at Urumgqi
Glacier No.1 (UG1), Eastern Tien Shan, central Asia. Characterization of the spherical particles (i.e. morphology, chemical com-
position and genesis) was obtained by scanning electron microscopy coupled with energy dispersive X-ray spectrometer
(SEM-EDX). This method enabled the characterization of submicroscopic spherical particles, which were present in very small
quantities. Spherical particles and agglomerates were identified according to their morphology in five snow samples. Prevalent
particle types in all samples were granular spherical particles, hollow spherical particles, irregularly shaped carbonaceous particles
and agglomerates. The vast majority of spherical particles in our samples had mostly smooth and glossy surfaces, although these
particles varied in diameter and elemental composition. The diameter of fly ash particles ranged from 0.76 to 16.7 pum, with an
average of 3.79 um (median: 3.21 pm). Individual particle analyses of elemental composition showed that particles formed in
combustion were mainly composed of carbon, silicon, aluminum and trace elements (e.g. Na, K, Ca, Fe). Some spherical fly ash
particles contained toxic heavy metals (e.g. Pb, Cr, As, Zn), and indicated that fly ash particles acted as the main possible carriers
of toxic heavy metals deposited in snow and ice of glaciers in high altitudes of central Asia. On the basis of chemical information
obtained from EDX, the fly ash particles deposited in the snow could be classified into four types. Namely, Si-dominant particles,
with average diameters of 3.24 um were formed by industrial coal combustion via high temperature processes in typical coal-fired
heating stations and thermal power plants. Moreover, Fe-dominant particles, with average diameters of 3.82 pm, and Ti-dominant
spherical particles formed by lower temperature processes in foundry and iron or steel plants. In addition, C-dominant particles,
with average diameters of 8.43 pum, formed from unburned coal. Fe-dominant particles had larger average diameters than Si-
dominant particles, indicating that the former were easier to form and developed earlier in the furnace because of their differential
melting points of compositional oxide. Backward air mass trajectory analysis suggests that the developed urban regions of central
Asia contributed the primary fly ash particles from industrial combustion to the study site through the high-level westerlies jet steam.
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Fly-ash particles can be used as indicators of atmospheric
deposition of pollutants from fossil-fuel combustion. Thus,
analysis of fly-ash particles in insoluble particles has become
increasingly important in studies of environmental pollution
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and atmospheric history. Most fly-ash studies have focused
on black spheroidal carbonaceous particles (SCP) and inor-
ganic ash spheres (IAS) (>5 um) produced from oil and coal
combustion [1]. Several analyses of lake and ice cores have
been used to record the content of fly ash to study the effect
of post-industrial effects on the environment [2-4]. Air-
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borne particles of fly ash can also act as transporters of par-
ticle-associated contaminants, such as heavy metals, sulfur
and organic components [5]. Thus, assuming that a suite of
airborne particles within the same size range is transported
by the same air masses, fly ash particle information may be
used for tracing the origin and dispersal of contaminants.

The process for the removal of aerosol particles depends
mainly on wet deposition [6], which represents 70%—85%
of the tropospheric sink for carbonaceous aerosol particles
[7]. Moreover, fly ash particles can be transported over long
distances, and may reach remote regions, such as the Arctic
and the Tibetan Plateau [8,9]. Snow is a natural collector
and preservation agent, and an ideal medium for recording
atmospheric constituents through wet and dry deposition
[10]. Particles deposited on the surface of snow and glaciers
may absorb high solar radiation and reduce the albedo in-
tensity and accelerate the melting of snow and ice [11].

Although researchers have looked at pollen content in ice
cores and surface snow [12-14], other similar-sized air-
borne particles, in particular SCP and IAS, have not re-
ceived the same attention despite there being extensive
sediment studies on them. Several investigations [15-18]
have addressed the effects of aerosol particles on glaciers in
the Tibetan Plateau and even the Arctic region, but little is
known about fly ash particles in surface snow over central
Asian alpine glaciers, especially with regard to their indi-
vidual characterizations.

To improve our understanding of the physical and chem-
ical properties of individual fly ash particles from surface
snow, snow samples were collected from Urumqi Glacier
No. 1 (UG1), eastern Tien Shan (Tianshan), from 2006 to
2007. The main purpose of this work is to determine the
morphology, size distribution and chemical composition of
individual fly ash particles using scanning electron micros-
copy coupled with energy dispersive X-ray spectrometer
(SEM-EDX). Thus, the micro-properties of single particles
can be used to trace possible contaminant sources of fly ash
particles from UG1.

1 Sampling and methods

1.1 Sample collection

This project forms part of the Program for Glacier Processes
Investigation, launched in 2002 by the Tianshan Glaciolog-
ical Station. Snow samples were collected weekly or bi-
weekly at the field observation site (43°06'N, 86°49'E, 4130
m a.s.l.) in a percolation zone of the east branch of UGI.
The mean annual air temperature and precipitation at the
site were about —9.1°C and 700 mm water equivalence, re-
spectively. The high-level westerlies jet steam prevailed
across the high mountains throughout the year.

Great effort was made to collect fresh, well-preserved
surface snow. In this study, acid-cleaned wide-mouth
Nalgene LDPE bottles were used both as sample scoops and
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containers. These bottles were kept frozen during transport
to the laboratory before filtration. A total of 68 samples
were collected during the sampling period between March
2006 and January 2008 [19]. Five of the snow samples
(S6-25, S6-29, S6-33, S6-36 and S7-15) were melted at
room temperature just before filtration, and they were fil-
tered on polycarbonate filters (Millipore Corporation)
with a diameter of 47 mm and a pore size of 0.8 um. Thus,
only particles with diameters larger than 0.8 um (800 nm)
were collected and analyzed. Specific information on the
five snow samples is shown in Table 1. The filtrations were
completed in a class 1000 clean room at the State Key La-
boratory of Cryospheric Sciences, Lanzhou Cold and Arid
Regions Environment and Engineering Research Institute,
Chinese Academy of Sciences.

1.2 Sample analyses

Polycarbonate filters were best suited for SEM observation
due to the smooth surface texture, which makes individual
particles much easier to discern than other types [20]. First,
approximately one tenth of the polycarbonate filter was cut
and then glued to a standard 12.5 mm aluminum SEM stub
using double-faced adhesive carbon tape (Figure 1). Then,
the specimen was coated with a thin carbon film by the
electric arc high vacuum method. A Zeiss EVO MAR 10
SEM equipped with EDX was used for manual analyses.
Operating conditions were 20 kV accelerating voltage and
480 pA beam current with spectral acquisition times of 60 s.
SEM images were acquired at magnifications of 500, 1000,
2000, 3000, 5000, and 10000x. In the observational area,
we searched for the regular spherical particles at magnifica-
tions lower than 2000x (about 60 pm) with a length of
12.5 mm. Once the particles were found, we recorded their
morphologies within other differential magnifications (Fig-
ure 1). The X-ray analysis system was equipped with an
energy-dispersive Si (Li) detector, and super ultrathin win-
dow, allowing chemical elemental analysis (Be4 to U92).
Oxford INCA Energy software was used for quantitative
analysis of individual particles. The weight percent of ele-
ments was calculated using standardless ZAF corrections
[21]. The abundance of each oxide in the particles was de-
termined with the standardized oxide method of EDX,
which assumes that each element exists as oxide and sums

Table 1 Information on collected samples for SEM observations

Sample Collected Snow volume  Precipitation Temp())erature
date (mL) (mm) (W)
S6-25 2006-08-10 139 0.1 7.1
S6-29 2006-09-14 97 0 49
S6-33 2006-10-12 97 1.2 -0.2
S6-36 2006-11-02 91 0 -34
S7-15 2007-07-11 171 7.6 5.8
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Figure 1 Diagram of observational method for particles with regular morphology.

the abundances of all detected elements to 100%. About
500000 particles were observed at 2000x magnification
within the magnified area (~60 umx12.5 mm), but a total of
195 particles with regular shapes (including spherical car-
bon particles and biological particles) were analyzed by
EDX to study their elemental composition and possible
mineralogy.

The SEM images were further analyzed with the image
processing and analysis software Image-Pro® Plus version
6.0 (Media Cybernetics, Inc. USA). We chose the manual
measurement option to target each particle on the image,
and the morphological parameters were automatically
measured by the software [22]. Data were saved to Mi-
crosoft Excel for further processing. Finally, a total of 145
spherical fly ash particles were manually measured to study
the size distribution and morphology of insoluble particles
in snowfall.

2 Results and discussion

2.1 Morphological analysis

The size, shape and texture of particles are differentiating
parameters under the microscope. In most cases, the factors
that characterize particles are not their elementary forms,
but the organization of their structures. To obtain the opti-
mal perspective, different magnification levels are used for
insoluble particles with different purpose. In this study, the
lowest magnification (500x) could discriminate on the order
of tens of microns and the highest magnification (10000x)
can discriminate on the order of tens of nanometers. Com-
prehensive compositional and structural information can be
obtained through this method.

The first level of identification is to distinguish between
natural particles and anthropogenic spherical particles.

Morphological characteristics can be used to discriminate
between these types, which are shown in Figure 2.

Natural particles are mainly composed of mineral parti-
cles that originated from land surface materials. Often, min-
eral particles have sharp edges, which break along a cleav-
age or fractures upon particle formation (Figure 2). If the
mineral particles have been transported over great-distances,
the morphologies of particles may show a certain degree of
rounding.

Conversely, a number of regular morphologies are found
among the insoluble particles from the surface snow of UG1.
These spherical particles are never bigger than 20 pm in
diameter, and have a geometrical shape which excludes any
possible explanation based on a crystalline genesis process
(Figure 2). Most of the particles possess a seemingly smooth
texture on their surfaces. Important compositional similari-
ties are found on these particles. Heavy elements (e.g. Pb,
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Figure 2 Typical morphology of different particles observed by SEM
imaging.
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Zn and As) present in some of these spherical particles may
be found in such high quantities that it is impossible to
prove a natural origin for these particles.

Less abundant, but nonetheless important, biological par-
ticles with similar morphologies to spherical fly ash parti-
cles must be discriminated. Biological particles usually are
symmetrical and tissue-like. Pollen is the most significant
example of this type of particle, due to its abundance in na-
ture. This characterization peculiarity allows us to distin-
guish biological particles from fly ash particles effectively
(Figure 2). In the group of biological particles, we also
found different types, although these particles represented a
very small proportion of insoluble particle in the deposited
snow. The spherical particles originating from combustion
were characterized, in most cases, by a spherical shape
caused by the melting process that occurs during their for-
mation. This is a basic principle, and it establishes a struc-
tural distinction between soot particles, often originated
from strongly energetic processes with chain shapes.

The vast majority of spherical particles in our samples
usually had a smooth and glossy surface (Figure 2), although
these particles varied in diameter and elemental composi-
tion. In this paper, the diameter of spherical particles ranged
from 0.76 to 16.7 pm, with an average of 3.79 pm (median:
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3.21 pm).

As anticipated, the dominant particle types in all samples
were granular spherical particles, hollow spherical particles,
irregularly shaped carbonaceous particles and agglomerate
particles. A primary classification of the most spherical fly
ash particles deposited in the snow based on the morpholo-
gy of fly ash particles, is illustrated in Table 2.

Smooth spherical particles, emanating from high temper-
ature industrial combustion, are mostly characterized by a
spherical shape, which results from melting processes that
occur during their formation [23,24]. The cooling of small
portions of melted material will be produced step-by-step.
The melted material may suffer an ultimate reduction when
it is finally released into the atmosphere from the furnace.
In this manner, the existence of these spherical particles
with different diameters may be justified. These particles
are composed of basically silicon and aluminum mineral
phases of technogenic origin, formed during high tempera-
ture industrial coal combustion (1400-1500°C). Their com-
position may be used as an index of minerals or indicators
for industrial high temperature processes [25]. These parti-
cles are typical of coal-fired heating stations and thermal
power plants emissions [25,26].

Hollow particles are formed during the combustion of

Table 2 Primary classification of the most spherical fly ash particles based on morphology

Classification

Characteristics Example

1) Smooth spherical

Spherical particles whose maximum diameter/mean diameter
relationship is near to 1, with smooth surface

trix

2) Rough spherical

Spherical particles whose maximum diameter/mean diameter
relationship is near to 1, with rough surface

3) Irregular

Clearly defined particles, similar to glass fragments, with
peaks or edges

4) Amorphous

Particles that are formed by aggregations of oth-
er smaller units. Variable composition depending
on their origin

Particles with an ill-defined appearance

Particle arising from combustion of mineral coal.
Usually with a silicon or aluminum-silicon ma-

Particles arising from metal foundry ovens.
Composed mainly of a wide variety of metallic
elements in the form of oxides

A result of expulsion of gaseous materials from
the particle interior, due to an increase in internal
pressure or decrease in external pressure

- -
&,
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coal or fuel oil [23,27]. Both in fusion and cooking kilns,
the average temperature of the gaseous emission are around
700-800°C and 250-300°C, respectively [28]. During low
temperature (700-750°C) incomplete combustion, less po-
rous hollow spherical particles were formed. The hollow
spherical shape was a result of expulsion of gaseous materi-
als from the particle interior, due to an increase in internal
pressure or decrease in external pressure [23]. The presence
of these particles was a consequence of abrupt changes in
temperature during combustion processes. Only two or three
hollow spherical particles were found in our sample, indi-
cating that the fly ash particles mainly originated from com-
bustion processes with constant temperatures.

Other types of particles also were found with morpholo-
gies showing an anthropogenic origin. These results were
corroborated by the small size of the particles (<1 pm). For
example, grumose masses made up of very small particles
immersed in a “spongy” mass were sampled (Figure 1 soot
aggregates).

2.2 Chemical analysis

Spherical fly ash particles from different origins may pos-
sess morphologic and chemical differences. Integrated char-
acterization of particles should encompass these two com-
plementary aspects. Analysis of the elementary composition
by EDX contributed additional information for classifica-
tion and identification of possible origins of the captured
spherical particles in our samples.

Fly ash particles showed different elemental levels and
compositions depending on the process of combustion. Fly
ash particles preserved in five snow samples mainly were
composed of carbon, silicon, aluminum and trace elements
(e.g. Na, K, Ca, Fe and Ti). These were different from the
particles formed by combustion of liquid fuels from petro-
leum, for which carbon is usually the major element and are
accompanied with trace elements (e.g. P, S, CI) [29]. The
EDX spectra of spherical fly ash particles with different
morphologies are shown in Figure 3.

More unusual and unexpected in our sample were spher-
ical particles comprising iron and other heavy metals, such
as titanium, nickel and copper in variable ratios. We classi-
fied these particles as foundry spherical particles, which
originated from steelwork factories. The EDX spectra of
spherical particles, consisting of iron matrixes, with sulfur,
silicon, nickel and low carbon contents, are shown in Figure
3(g), (h), (i) and (j). Iron oxides of spherical particles some-
times occurred in the form of hematite (Fe,O3), magnetite
(Fe;0,) and goethite (FeO(OH)). Morphologies of particle
(g) and (h) (spherical shape and skeletal crystals in a glassy
matrix) suggest that these particles were formed during the
melting process of steel at very high temperatures, followed
by rapid cooling [30]. These particles contained a great va-
riety of trace metals, with iron frequently being the most
abundant and characteristic element. Based on these char-

Chinese Sci Bull

November (2011) Vol.56 No.32

acteristics, we speculated that these particles were most
likely formed in high-temperature steel production process-
es or re-melting and refining processes of scrap steel, con-
taining the aforementioned heavy metals as alloy compo-
nents [31-33].

Another important issue in our study was the nature of
the carrier of heavy metals to snow and glaciers. In general,
less volatile elements, such as cadmium, cobalt, copper,
chromium, iron, manganese, nickel, lead and zinc and mer-
cury, were likely to be emitted to the atmosphere associated
with fine particulate matter, as well as fly ash [34]. Meji [35]
stated that gaseous arsenic, As,QO;, is only present in flue
gases if the concentration of calcium is less than 0.1%. The
elemental weight percent of calcium associated with spher-
ical fly ash in the present study was 0.34% (Figure 4),
which indicates that there may have been some chemical
reaction between As and Ca, perhaps as Caz;(AsOy), [36,37].
Several studies have found that the intricate contamination
of differential heavy metals in snow and ice cores come
from the Himalayas and central Asia, but no one has illus-
trated possible contaminant approaches [38—40]. Further-
more, McConnell [41] also found that toxic heavy metals
emitted by coal burning in the mid-latitudes were trans-
ported through the atmosphere and deposited in the Arctic
regions. Consequently, we considered fly ash particles as
one main mechanism for heavy metal deposition on snow
and ice of glaciers in the high altitudes of central Asia.

2.3 Chemical classification of the studied particles

Using the chemical information derived from EDX, a gen-
eral classification of the dominant fly ash particles deposit-
ed on the snow was produced. Such a classification is pre-
liminary, and establishes an approach for the evaluation of
anthropogenic pollution in terms of fly ash contents. The
proposed classification is shown in Table 3.

Spherical particles with high content (>90%) of carbon
were classified as C-dominant particles, which were formed
by unburned coal. Carbon is the dominant element in other
spherical particles, but chemical classification is based on
other main elements, such as Si, Fe and Ti.

The melting points of different oxides are enumerated in
Table 4. As the melting points of SiO,, Al,O;, MgO and
CaO are much higher than Fe,O; and TiO,, Si-dominant
spherical particles from coal combustion can be used as
indicators for industrial high temperature processes [25],
such as typical coal-fired heating stations and thermal pow-
er plants emissions [26]. Fe-dominant and Ti-dominant
spherical particles from coal combustion can be used as
indicators for lower temperature processes, such as foundry
and iron and steel plants [31,33]. Four chemical species in
each snow sample are illustrated in Figure 5.

According to our method of chemical classification, the
particle number of Si-dominant particles was the most abun-
dant in all five snow samples, and thus fly ash pollution from
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Figure 4 Photomicrograph and microanalysis corresponding to a spherical particle where heavy metal elements (Fe, As, Pb and Zn) were observed.

Table 3 Types of fly ash particles within a 0.5-16 um radius range,
evaluated by EDX

Major Number of

. Total
elements particles ot

Denomination

S6-36  S6-33 S6-29 S6-25 S7-15

Si-dominant

high-Si 4 6 3 1 14
Si+Al 6 10 16 24 23 79
Si+Fe 2 1 2 5
Si+Ca 2 1 3
Si+Ca+Fe 2 1 1
Fe-dominant
high-Fe 11 2 4 8 2 27
Fe+S 1 1
Fe+Ni 1 1
C-dominant
high-C 1 3 4 1 9
Ti-dominant
Ti+Si 2 2
Total 22 22 29 44 28 145

Table 4 Melting points of different kinds of oxides

Oxides Melting point (°C) Oxides Melting point (°C)
SiO, 1725 Fe,03 1560

ALO; 2050 TiO, 1850

MgO 2800 CuO 1450
CaO 2570 NiO, 2090

coal industry combustion was the dominant contributor in
surface snow of UG1. Fe-dominant particles were the se-
cond most common particles in samples, and their contents
were even as high as those of Si-dominant particles in S6-36.
Thus, we can not suggest fly ash pollution is only from one
type of industrial activities (foundry and steelwork factories,
coal-fired heating stations and thermal power plants). Alt-
hough samples were sequentially collected according to date,

S§7-1

S6-3

S6-3

S6-2

$6-2

\J

100%

0% 20% 40% 60% 80%

B Si-dominant O Fe-dominant B C-dominant @ Ti-dominant

Figure 5 Percent of particles of four chemical types in five snow samples,
according to EDX classification.

no regularity was observed in the chemical composition of
four species. Further work will involve the collection of
more samples for investigating the seasonal variability of
chemical composition.

2.4 Size distribution of fly ash particles

When studying the morphology and chemical composition
of fly ash particles, another aspect that we must consider is
their size distribution. A combustion process emits fly ash
particles with certain characteristics, which depend on equip-
ment style, fuel types and operation conditions. When oper-
ating conditions change (within normal operation range),
the distribution of particle size is affected, but with no dif-
ferent particles generated [23]. Thus, the size distribution of
fly ash particles is an important parameter that can pinpoint
an emission source.

The physical size of particles can be obtained by direct
manual measurements on SEM images, with the assistance
of the Image Pro Plus 6.0 software. The statistical results of
spherical particles from the surface snow of UGI are shown
in Figure 6(a). Most size distributions of samples were mul-
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timodal, accompanied by a prominent peak. From Figure
6(a), it can be seen clearly that most samples (S6-29, S6-36
and S6-33) had maximum peaks at 2.5 pm. Samples S6-25,
S6-33 and S6-36 also had major peaks around 3.0-6.0 pum.
In addition, all samples except S6-29 had minor peaks at
9.5 um. An extreme example was S7-15, which had a promi-
nent peak at 1.5 um and subsidiary peak at 2.5 pm.

If we combine Figure 5 and Figure 6(a), particle contents
of prominent peaks at 2.5 pum (S6-29 >S6-36 > S6-33) cor-
respond to a tendency toward Si-dominant particles. Thus,
we conclude that prominent peaks at 2.5 um represent spher-
ical particles with Si-dominant chemical compositions, which
originated from high temperature industrial coal combustion
(more than 1500°C). Following the same principle, major
peaks around 3.0-6.0 pm indicate Fe-dominant particles
from lower temperature combustion processes, and minor
peaks at 9.5 um stand for the unburned C-dominant particles.

It should be noted that sample S7-15 was collected al-
most half a year later than the S6 series. The size distribu-
tion of sample S7-15 characterized an extremely high peak
around 1.5 pm and a subsidiary peak at 2.5 um. Considering
the relatively narrow range in size of analyzed particles
from S7-15, it may be concluded that these particles were
most probably a mixture of long-distance transported parti-
cles and Si-dominant particles, which had similar origins as
in samples from the S6 series.

The size distributions of Fe-dominant particles and Si-
dominant particles in all samples are illustrated in Figure
6(b). Fe-dominant particles had larger average diameters
(3.82 pum) than the Si-dominant particles (3.24 pm), indi-
cating that Fe-dominant particles were easier to form and
formed earlier in the furnace, due to the differential melting
points of compositional oxides (Table 4). C-dominant parti-
cles with average diameters of 8.43 um demonstrated that
the largest unburned carbon particles escaped from the fur-
nace first. Considering the largest average diameters of
C-dominant particles, we assume that they resulted from the
proximal combustion of residential heating.
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2.5 Possible sources of particles

To identify potential transport pathways and possible sources
of spherical particles at UG1, air mass backward trajectories
were calculated using the vertical velocity method by the
Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model of the Air Resources Laboratory of
NOAA, http://www.arl.noaa.gov/ready/hysplit4.html [42].
HYSPLIT back-trajectories have been widely used in pre-
vious studies [9,11,19,43].

Figure 7 shows 3-day backward trajectories terminated at
500 m above the ground of the field observation site at UG1
for each sample during the sampling period. It can be seen
that most of the air masses came from the west, agreeing
well with the prevailing westerlies. All the air masses of the
S6 series passed through the developed urban areas of cen-
tral Asia (e.g. Almaty, the capital city of Kazakhstan; Bish-
kek, the capital city of Kyrgyzstan; Tashkent, the capital
city of Uzbekistan), which may have contributed to the
abundant fly ash particles of industrial combustion. The
most intensive fluxes of heavy metals were disclosed in
areas of few industrial point sources (metallurgical indus-
tries and coal-fired power plants) in central and eastern Ka-
zakhstan and in Uzbekistan, which provided about 80% to
90% of the total anthropogenic heavy metals in the ambient
air over central Asia [44,45]. Previous research has shown
that synoptic processes prevalent in the central Tian shan
occurred from the west, suggesting that aerosol particles
from western Kyrgyzstan, Kazakhstan, Uzbekistan and
Turkmenistan may be transported eastwards [46]. Another
possible source of these pollutants is the city of Urumgi,
which is located northeast of the sampling site. However, it
also can be seen from Figure 7 that the dominant transport
pathways over this region did not pass over the urban area
of Urumgqi. Thus, the anthropologic particles, which origi-
nated from Urumgqi to our observation site were not signifi-
cant, this is consistent with the analytical results of aerosol
samples collected from UG1[43]. The backward trajectories
of S7-15 combined with the narrow and small size distribution

30

(b) o — Si-dominant
. 25} ====Fe-dominant
&
(11}
& L
8 20
c
§ 15¢
[ 1]
o [
g tor [/
£ ]
z /
5t 1y
[
]
0 ' L

1 2 3 4 5 6 7 8 9
Size distribution (um)

Figure 6 (a) Relative percentage and size distribution of fly ash particles in samples collected from surface snow at UG1; (b) relative percentage and size
distributions of Fe-dominant and Si-dominant fly ash particles in all five snow samples.
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Figure 7 Three-day backward trajectories terminated at 500 m above the ground level of the field observation site at Urumgqi Glacier No.1.

indicate that these particles represented long-range transport by
the dominant westerly circulation system in the summer.

3 Conclusions

Spherical fly-ash particles derived from insoluble particles
in surface snow at UG1 from 2006 to 2007 were character-
ized using SEM-EDX to obtain information regarding the
size, elemental composition and morphological properties
of individual particles. Most of the fly-ash particles were
spherical and spheroidal with sizes smaller than 10 um (PM
10). Some were enriched with heavy metal elements that
were difficult to associate with the natural environment.
Because of their vitreous nature and elemental composition,
these particles were associated with an industrial origin. On
the basis of the chemical information presented by EDX, the
dominant fly ash particles were classified as Si-dominant,
Fe-dominant, Ti-dominant and C-dominant particles. All of
the spherical particles (Si-dominant particles were 72.4%
and Fe-dominant were about 20%) were likely to have been
emitted by anthropogenic activities, suggesting that the
trace level of anthropogenic pollution to glaciers could be
detected by SEM-EDX. Fly ash particles acted as one main
mechanism for heavy metal pollution deposited in snow and
ice of glaciers at high altitudes. Variations in size distribu-
tions, number concentrations and chemical compositions
were likely attributed to the different origin sources. Inves-
tigation of air mass back-trajectories indicated that air masses

terminating at the sampling site all passed through devel-
oped urban regions of central Asia, and these were the most
likely source of the particles found at the site. The city of
Urumgi also is a possible minor pollution source; however,
based on the category and size of particles, the contribution
of Urumgqi remains unclear.

Finally, it should be noted that spherical particles can act
as effective pollution tracers of industrial combustion in the
atmospheric environment. This is because of the morphol-
ogy, size distribution and chemical composition of the in-
organic fly-ash spheres could be obtained by snowfall. Thus
these inorganic fly-ash spheres provide a guide to determine
the origin of certain species and for locating sources of
emission.
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