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Abstract Samples collected from a 0.87 m snow pit at a
high altitude site in the Cho Oyu range, Himalayas were
measured for V, Cr, Mn, Co, Ni, Cu, Zn, As, Rb, Sr, Cd, Sn,
Sb, Ba, Tl, Pb, Bi, Th, and U using inductively coupled
plasma mass spectrometry. In addition, major ions, oxygen
stable isotopes, and microparticles were also measured to
assist the interpretation of seasonal variation of trace ele-
ments. The trace elements show a distinct seasonality, i.e.,
higher concentrations during the non-monsoon season than
those during the monsoon season. Significant correlation is
observed between Ba and the other trace elements. Crustal
enrichment factor (EF,) analysis indicates that V, Mn, Co,
Ni, Rb, Sr, and Th originate mainly from crustal dust, while
anthropogenic inputs make an important contribution to the
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other trace elements (i.e., Cu, Zn, As, Cd, Sn, Sb, Ti, Pb, Bi,
and U). Evidence from air mass back trajectories suggests
that atmospheric trace element pollution reaching the studied
area is transported dominantly by Indian summer monsoon
during the monsoon season, while it is transported mainly by
the westerlies during the non-monsoon season.

Keywords Trace elements - Atmospheric pollution -
Seasonal variation - Cho Oyu range - Air mass trajectory

Introduction

During the recent decades, data have shown that Greenland
and Antarctic snow and ice preserve detailed records of
ancient and modern atmospheric trace elements pollution
related to anthropogenic emissions (Hong et al. 1996;
Vallelonga et al. 2002). Greenland and Antarctic snow and
ice records have provided distinct evidences that atmo-
spheric pollution for various trace elements is at a regional
to hemispherical or even global scale through long-range
transport and dispersion (Murozumi et al. 1969; Boutron
et al. 1991; Hong et al. 1994, 1996; Candelone et al. 1995;
Wolff et al. 1999; Planchon et al. 2002). The time scale
of the atmospheric pollution for trace elements has been
dated back from the Greek, Roman, and Medieval times
(Hong et al. 1994, 1996) to the post-Industrial Revolution
period (Murozumi et al. 1969; Candelone et al. 1995). Dur-
ing the recent years, data on the occurrence of trace elements
in snow and ice from high altitude alpine glaciers such as
Alps, Bolivian ice cap, eastern Tienshan and Mt. Muztagh
Ata in eastern Pamirs have also documented the atmospheric
pollution for various trace elements (Van de Velde et al.
1998; Rosman et al. 2000; Barbante et al. 2004; Hong et al.
2004; Li et al. 2006a, b, 2007). These data play an important
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role to assess with great clarity the ancient and modern
atmospheric pollution for trace elements at a regional scale.

The Himalayas play an important role in shaping the
regional scale atmospheric circulation patterns over Asia
(Shrestha et al. 2000). In the Himalayan region, precipi-
tation is caused mainly by moisture transported by Indian
monsoon and/or local moisture from short travelled
convective air mass during summer (June—September)
(Stravisi et al. 1998), while moisture is transported by the
westerlies during winter and spring (October—-May), thus
the Himalayan region represents an ideal site for studying
the chemistry of long-range transported species. The
emissions of air pollution species in Asia are increasing
rapidly during the past decades, resulting in local air pol-
lution (Foell et al. 1995). Indeed, Asia has been the largest
source region of anthropogenic trace element emissions to
the atmosphere in the world (Pacyna and Pacyna 2001).
Very recently, the trace elements concentrations were
measured in Himalayan snow/firn samples (Duan et al.
2007; Kang et al. 2007; Lee et al. 2008). Such data have
provided important insights into seasonal variation and
anthropogenic inputs of trace elements in the remote high-
altitude atmosphere in the central Himalayas. However,
available data focus on the Mt. Qomolangma (Everest) area
and thus the spatial coverage is not sufficient to confirm
that the observations are representative of the vast Hima-
layan region. Further studies on changes in the occurrence
of trace elements in snow and ice at different sites in
Himalayas are necessary to characterize their seasonal
variations, and to better understand the anthropogenic
perturbation of atmospheric trace elements in this region.

First, the data of trace elements in successive snow pit
samples on the northern slope of Cho Oyu in central Hima-
layas are presented. The main purpose of the present work is
to expand the knowledge of the temporal and spatial char-
acterizations of trace elements in high Himalayan regions to
evaluate trace element pollution related to anthropogenic
sources in atmospheric environment of Cho Oyu and to give
a source consideration through applying the HYSPLIT 4.8
model to identify possible source regions of trace elements.

Methodology
Sampling site

Cho Opyu is the sixth highest peak on earth (8,201 m a.s.L.).
On 7 October 2005, snow pit samples were collected at the
Gyabrag (Jiabula) Glacier (28°10'41”N, 86°38'19"E,
6,303 m a.s.l.) on the northern slope of Cho Oyu (Fig. 1a).
The sampling was performed before any other scientific
operation (e.g., ice core drilling) prevented potential pol-
lution, e.g., from gasoline electrical generator. A shallow
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Fig. 1 Sketch map showing snow pits sampling sites at Cho Oyu
(a) and Mt. Qomolangma (b)

0.87 m depth snow pit was hand-dug by operators wearing
clean garments and low-density polyethylene (LDPE)
gloves. Continuous nine snow pit samples were collected
from the snow surface to the bottom at an interval of 10 cm
for the upper eight samples and 7 cm for the bottom sample,
using ultra-clean cylindrical Teflon containers (diameter
5 cm, length 35 cm), which were hammered horizontally
into the wall of the pit. The samples were transferred directly
into ultra-clean 500 ml LDPE bottles. The bottles were then
packed in double sealed acid-cleaned LDPE bags and kept
frozen until analysis. All sampled tools, including scrapers,
hammers, cylindrical Teflon containers, and 500 ml LDPE
bottles were cleaned at the Korea Polar Research Institute
(KOPRI) as described by Hong et al. (2000). In addition,
parallel samples for measurements of major ions, oxygen
isotopes, and microparticles were also collected at the same
interval from the same wall of the snow pit. After sampling,
the samples were transported frozen to the State Key Labo-
ratory of Cryospheric Sciences (SKLCS) and the Korea Polar
Research Institute.

Chemical measurements

Measurements of trace elements were performed at KOPRI
using inductively coupled plasma mass spectrometer
(ICP-MS) (Perkin Elmer Sciex, ELAN 6100). The samples
were melted at air temperature inside a class 10 clean
bench in a class 1,000 clean room. The samples were
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Table 1 Detection limit (pg g~ ') and analytical results (ng g~') of
certified reference material SLRS-4

Element Mass no. Detection limit Found Certified

v 51 2.7 0.36 £ 0.004 0.32 + 0.03
Cr 53 214 0.35 £+ 0.02 0.33 £ 0.02
Mn 55 1.5 3.39 £ 0.03 3.37 £ 0.18
Co 59 0.5 0.041 £ 0.003 0.033 £ 0.006
Ni 60 2.1 0.78 £+ 0.03 0.67 £ 0.08
Cu 63 1.5 1.83 + 0.08 1.81 + 0.08
Zn 66 33 1.12 £ 0.03 0.93 + 0.10
As 75 2.6 0.72 £ 0.02  0.68 + 0.06
Sr 88 0.3 28.3 £ 0.01 263 + 3.2
Cd 114 0.7 0.014 £ 0.001 0.012 £ 0.002
Sn 118 1.2 0.009 £ 0.001 -

Sb 121 0.5 0.24 + 0.003 0.23 + 0.04
Ba 138 0.8 12.3 £ 0.1 122 £ 0.6
Tl 205 0.1 0.007 £ 0.001 -

Pb 208 0.3 0.083 £+ 0.002 0.086 £ 0.007
Bi 209 0.1 0.002 £ 0.001 -

Th 232 0.1 0.02 £ 0.001 -

U 238 0.3 0.050 £ 0.001 0.050 £ 0.003

acidified to 1% with Fisher “Optima” grade ultra-pure HNO;.
The instrument settings, such as quartz cyclonic spray
chamber, Pt sampler cone and Pt skimmer cone, were
employed to enhance peak sensitivity. The instrument was
optimized to obtain the maximum sensitivity and extend sta-
bility using a solution of 1 ng g~' Rh and the maximum
sensitivity varied between 55,000 and 60,000 counts s~ ! (cps).
External calibration curves were used for quantification.

Detection limits, defined as three times that of the
standard deviation of ten measurements of blank solution
(1% Fisher “Opitima” grade HNOj3; water solution), are
presented in Table 1. The accuracy of the method was
verified by analyzing a riverine water reference (SLRS-4,
River Water Reference Material for Trace Metals, National
Research Council Canada, Ottawa, Canada), and good
agreement between the measured and the certified values
was observed for most measured elements (Table 1).

Measurements of major ions, oxygen isotopes, and
microparticles were performed at SKLCS. Major ions were
analyzed by Dionex 300 ion chromatograph (detection
limit 1 ng g~') and oxygen isotopic ratios by Delta-plus
mass spectrometer (accuracy 0.05%o). Microparticles were
measured by an Accusizer 780 Optical Particle Sizer (Santa
Barbara, CA, USA).

Assignment of seasonality to snow deposits

Snow samples are dated by combining the depth profiles of
isotope (5180), major ion (Ca2+), and microparticles based

on the apparent difference between monsoon and non-
monsoon seasons.

In the southern Tibetan Plateau and Himalayan region,
the mechanism controlling the stable isotopes in precipi-
tation is closely related to the monsoon moisture transport.
Strong monsoon activities during summer result in high
precipitation rates and more depleted heavy isotope (more
negative 5'%0) by fractionation, which is commonly
referred as the precipitation “amount effect” (Tian et al.
2003). Therefore, the 5'%0 depletion occurs during the
summer monsoon season, and the 5'80 enrichment is
related to westerly air masses during the non-monsoon dry
season (fall, winter, and spring) (Thompson et al. 2000;
Zhang et al. 2005).

Glaciochemical studies of snow and ice in the central
Himalayas have revealed that the concentrations of major
ions (e.g., Ca®* and Mg2+) in the monsoon season are
generally lower than those in the non-monsoon season,
presenting a striking seasonal variation (Shrestha et al.
2000; Kang et al. 2004). Insoluble microparticles in snow
and ice are enhanced during the non-monsoon period,
especially in spring, due to the strong dust inputs from
source regions, while they were low during the monsoon
season due to the moisture transport from Indian Ocean
(Xu et al. 2007).

The profiles of 5180, Ca2+, and microparticle concen-
trations versus depth are presented in Fig. 2. The mean
concentration values of 40 (—14%b), Ca*t (818 ng g_l),
and microparticles (309 10°/ml) tend to be significantly
high in the top 0-30 cm snow layer, representing non-
monsoon season deposition. The lower mean values
of 680 (—21%0), Ca*" (47 ng g~ "), and microparticle
(37 10*/ml) concentrations are found between 30 cm and
the bottom of snow pit, which can be assigned to the
summer monsoon layer in 2005. The snow layers with
relatively high values of (3180, Ca2+, and microparticle
concentrations below 70 cm to the bottom of snow pit
likely represent the beginning of monsoon season of 2005.
By combining well-defined 6'®0, Ca**, and microparticle
concentration profiles in these snow samples, the snow pit
can be roughly divided into monsoon and non-monsoon
seasons marked by the dashed vertical line (Fig. 2), which
covers approximately several months from summer to fall
of 2005.

Results

The profiles of the trace elements are given in Fig. 3,
showing an apparent link between the trace elements and
Ca”" and Ba that are derived from mineral dust during the
monsoon and Non-monsoon seasons.
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Fig. 2 Depth profiles of 6'%0, Ca** and microparticle concentrations
of the Cho Oyu snow pit. Vertical dashed lines represent the seasonal
boundaries

The statistics of trace elements are summarized in
Table 2, indicating that their concentrations differ by
orders of magnitude, with the highest values at ng g~
level for Mn, Zn, Rb, Sr, and Ba, and the lowest values at
pg g_1 for Co, Cd, Sn, Sb, TI, Th, Bi, and U. The ratios of
maximum against minimum concentrations range from 6
for Cr to 48 for Th (Table 2). To distinguish the difference
in trace elements between the monsoon and non-monsoon
seasons, the mean concentrations of trace elements were
calculated during the monsoon season, the non-monsoon
season and of all samples, as presented in Table 2. Mean
values of all samples varied from 3 pg g~' for Sb to
1.4 ng g~ for Mn.

Discussion
Seasonal variation of trace elements

A distinct difference between the measured trace element
concentrations is shown in Table 2 and Fig. 3, with higher
concentrations during the non-monsoon season and lower
concentrations during the monsoon season. Such a season-
ality was also previously observed for major ions, trace
elements, and dust in the Himalayan snow and ice (Balerna
et al. 2003; Kang et al. 2004; Xu et al. 2007; Lee et al. 2008).

Correlation coefficients of trace elements are presented
in Table 3, which can give some insight into the possible
sources for the different trace elements (Barbante et al.
2003). Most trace elements have significant correlations

Fig. 3 Profiles of trace 20
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Table 2 Statistics of trace elements (pg g~ ') of the Cho Oyu snow

pit samples

Element Min. Max. Max./min. Mean value

All Monsoon Non-

samples monsoon
\% 26 357 14 97 58 173
Cr 64 382 6 129 96 196
Mn 243 4,598 19 1,383 703 2,742
Co 5 70 14 24 17 39
Ni 13 180 13 61 44 95
Cu 19 353 18 91 53 167
Zn 181 2,375 13 718 616 922
As 14 235 16 62 32 123
Rb 87 2,498 29 572 323 1,068
Sr 68 2,312 34 489 207 1,055
Cd 1 20 26 4 2 8
Sn 9 122 14 32 20 56
Sb 0.5 15 31 3 1 6
Ba 71 1,165 16 356 228 612
Tl 1 17 18 4 2 8
Pb 31 592 19 170 95 319
Bi 6 188 33 47 26 88
Th 1 71 48 14 5 32
U 7 246 33 47 22 98

(P = 0.01) with Ba (which originates from the rock and
soil dust). This suggests that these trace elements originate
from a similar mineral dust source and/or similar transport
and deposition processes during the non-monsoon and
monsoon seasons.

Contribution from natural sources

An assessment of emissions of natural trace elements to the
atmosphere for present-day climatic condition indicates
that they originate mainly from rock and soil dust, sea salt
spray, wild forest fires, volcanoes, and continental and
marine biogenic sources (Nriagu 1989). Crustal enrichment
factor (EF.) can be used as an index to evaluate trace
elements from soil and rock dust and to assess further the
relative contribution from natural versus anthropogenic
sources. EF, is defined as the concentration ratio of a given
element to that regarded as a good proxy of rock and soil
dust (e.g., Al and Ba), and normalized to the same con-
centration ratio characteristic of the upper continental
crust. For example, the EF, for Pb is:
(Pb/Ba)

EFC — SNnow
(Pb/Ba)

crust

The data of upper continental crust given by Wedepohl
(1995) were used in this study. EF. values should be

Table 3 Correlation coefficients of trace elements for the Cho Oyu snow pit samples

Ba \% Cr Mn Co M Cu Zn As Rb Sr Cd Sn Sb Tl Pb Bi Tl U
Ba 1
v 0.98 1
Cr 098 099 1
Mn 0.94 092 091 1
Co 097 091 093 093 1
Ni  0.98 094 095 091 099 1
Cu 099 099 099 094 095 097 1
Zn  0.86 0.77 082 075 092 092 084 1
As  0.96 097 096 098 091 091 098 0.74 1
Rb 097 099 1.00 089 091 094 099 080 095 1
Sr  0.96 099 098 094 0.89 091 098 0.75 099 098 1
Cd 093 098 097 089 0.84 086 096 0.69 097 098 099 1
Sn 098 099 1.00 090 093 095 099 082 096 100 098 097 1
Sb 0.94 098 097 093 086 0.8 097 0.70 098 097 1.00 099 097 1
T1 097 099 099 092 091 093 099 0.77 097 099 099 098 099 098 1
Pb  0.99 097 097 097 096 096 099 0.84 098 096 097 093 097 095 097 1
Bi  0.99 097 098 095 097 098 099 0.89 097 097 097 093 098 095 097 099 1
Th  0.93 098 096 092 083 085 096 0.65 098 096 099 099 096 099 098 094 092 1
U 0.95 099 099 089 088 091 098 0.77 096 099 099 099 099 098 099 095 096 098 1

The coefficients that are insignificant at 99% confidence level are shown in bold
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Fig. 4 Mean EF, for the measured trace elements of the Cho Oyu
snow pit samples. The bars show the ranges of EF. values on a
logarithmic y-scale

qualitatively used in evaluating the relative contribution
from rock and soil dust owing to the uncertainty of
calculation of EF, attributed to the differences between
chemical composition of local soil and reference crustal
composition (Lee et al. 2008). EF, values less than ~ 10
suggest that the element is derived primarily from rock and
soil dust, while EF, values significantly larger than ~10
suggest an important contribution from other natural
sources or anthropogenic sources (Barbante et al. 2003).

Figure 4 shows the mean values and ranges of EF, for
all the measured trace elements. The mean EF, of trace
elements are from 2 for Th to 560 for Bi, with a large
difference between elements. For V, Cr, Mn, Co, Ni, Rb,
Sr, and Th, their mean EF, values are less than 10, sug-
gesting that these elements originated mainly from rock
and soil dust. Among these elements, the highest EF.
values of Cr, Mn, and Rb are more than 10, indicating that
contributions from other natural or anthropogenic sources
might be important for part of the samples. For Cu, Zn, As,
Cd, Sn, Sb, TI1, Pb, Bi, and U, their mean EF, values are
from 11 to 560, suggesting that contributions from other
natural or anthropogenic sources might be important for
these trace elements. For Cu, Sb, and TI, their lowest EF,
values are below 10, suggesting that contribution from rock
and soil dust is potentially important for part of the sam-
ples. Furthermore, the EF, values for Zn, As, Cd, Sn, Pb,
Bi, and U during the monsoon and non-monsoon seasons
are all more than 10, suggesting that these trace elements
are dominated by other natural or anthropogenic inputs.
Trace elements, such as As, Cd, and Bi, show very high
EF. in all samples, suggesting that the crustal dust contri-
bution is always insignificant for these elements.

The contribution from sea-salt spray can be evaluated
from Na concentrations measured in the snow and the
element to Na ratios in surface ocean water after correction
for Na contributed from rock and soil dust (Lee et al.
2008). Na, in these samples, derived mainly from rock and
soil dust due to very low Na concentrations (less than
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detection limit) during monsoon season, was observed.
Thus, the sea-salt spray contribution can be negligible.

Volcanoes are significant sources of trace elements to
the atmosphere at regional and global scales (Nriagu 1989;
Fulignati et al. 2006). Contributions from volcanoes can be
estimated from the concentration of non-sea-salt sulphate
(nss-SO,%7) assuming that approximately 10-15% of nss-
SO,*~ originated from volcanoes (Boutron and Patterson
1986). However, this approach is not appropriate for these
samples due to the nss-SO,”~ at high altitudes of the
central Himalayas, which is primarily of crustal origin (Lee
et al. 2008 and references therein). Studies suggested that
volcanic emissions could be the significant natural source
of As, Cd, and Bi (Hong et al. 2005; Gabrielli et al. 2005).
As the lowest EF, values are above 30 for these elements in
the samples, it is likely that volcanic contributions for these
elements are significant. The volcanic events occurred
during 2005 ejected materials into the troposphere that can
be transported via atmospheric circulation and deposited on
the surface of the snow in the high altitude Himalayan
region (Xu et al. 2009a). For example, the eruption of
Barren Island volcano (12°16’40”N, 93°51’30”E), India,
began on 26 May 2005 and stopped on 23 December 2007
and the eruption column of ash particles attained a height
of more than 300 m (Pal et al. 2007).

The contributions from continental and marine biogenic
emissions cannot be calculated from these data, because no
data on particulate organic carbonate are available for the
samples. It is likely that this contribution cannot explain
the very large excess above rock and soil dust contribution
for most measured trace elements in these samples.

Contribution from anthropogenic sources

The major anthropogenic sources emitting into the atmo-
sphere include fossil fuel combustion, gasoline combustion,
non-ferrous metal production, ferrous foundries operations,
refuse incineration, and cement production (Pacyna and
Pacyna 2001). The large fraction of trace elements such
as Cu, Zn, As, Cd, Sn, Sb, TI, Pb, Bi, and U excess above
rock and soil dust contribution in these samples is likely
of anthropogenic origin. A comprehensive inventory of
anthropogenic emissions of trace elements into the atmo-
sphere has been published (Pacyna and Pacyna 2001). It
gives estimates of emissions from different source catego-
ries for different continents, for some of the trace elements
considered in this work. In Asia, the fossil fuel combustion
is the major source of Cr, Sb, Mn, Sn, and TI, and non-
ferrous metal production is the largest source of atmo-
spheric Cd, Cu, As, and Zn. Combustion of leaded, low-
leaded and unleaded gasoline is the major source of atmo-
spheric Pb. In addition, Rb and Bi are likely from biomass
burning and fossil fuel combustion, respectively (Plessow
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et al. 2001; Morawska and Zhang 2002), which were not
considered by Pacyna and Pacyna (2001). U is likely from
the application of uranium containing phosphate fertilizers
(Kratz and Schnug 2006).

Comparison of trace element concentration
with other data

To understand the spatial distribution and the current sit-
uation of the inputs of trace elements in the Himalayan
snow, these results were compared with those of snow
samples from Mt. Qomolangma (28°01'08”N, 86°57'48"E,
6,576 m a.s.l.; Fig. 1b) (Lee et al. 2008) and Greenland
(72°20”N, 38°45'W, 3,270 m a.s.l.) (Barbante et al. 2003).

As indicated from Table 4, the mean concentrations of
crustal elements (V, Cr, Mn, Co, Ni, and Rb) at Cho Oyu
are comparable to that at Mt. Qomolangma. The mean
concentration of Co at Cho Oyu is four times higher than
that at Greenland, possibly due to the proximity of Cho
Oyu to source area of dust.

The concentrations of trace elements with an anthro-
pogenic contribution (i.e., Cu, Zn, As, Cd, Sb, Pb, and Bi)
are higher at Cho Oyu than those at Mt. Qomolangma;
however, their values tend to be similar levels. On the other
hand, the concentrations of Cu, Zn, Pb, Bi, and U are about
one order of magnitude higher than those at Greenland
(as a representative area remote from the anthropogenic
pollutant sources), which is expected due to the proximity
of Cho Oyu to anthropogenic pollution sources for these
elements. Together with high EF, values observed for these
elements in Cho Oyu snow samples, the authors’ compar-
ison suggests that high altitude atmosphere in the central
Himalayas has been polluted by anthropogenic emissions.

Potential source regions for trace elements at Cho Oyu
indicated by air mass trajectories

Because most trace elements are non-volatile and less
prone to chemical transformation, they tend to be trans-
ported over a long distance and remain in the form they
were emitted (Morawska and Zhang 2002). Air backward
trajectories are suitable to deduce the potential source
regions of trace elements. The hybrid single-particle

Lagrangian integrated trajectory (HHSPLIT) model is a
tool to simulate air mass trajectories and complex disper-
sion and deposition (Draxler and Hess 1998). 5-day-back
trajectories to simulate the routes of air masses reaching
our sampling site at 00:00, 06:00, 12:00, and 18:00 (UTC
time) of each day were calculated using HYSPLIT 4.8
model from 1 December 2004 to 30 November 2005. The
Climate Diagnostics Center NCEP/NCAR 1 (CDC-1)
model data available in NOAA’s Air Resource Laboratory
(ARL) archives were used. The clustering tool integrated in
the model was applied to form clusters of trajectories based
on the percentage change in total space variance (TSV) and
to calculate the mean backward trajectories of all the tra-
jectories of 2005 (Fig. 5). To investigate seasonal patterns
of trajectories, a 1-year dataset was split into four seasons,
i.e., the winter (December and January—February), spring
(March-May), summer (June—August), and autumn (Sep-
tember—-November) (Fig. 5), and the cluster analysis tech-
nique was also separately applied to each of the four
seasons.

The mean trajectories of winter and spring (Fig. 5) have
two main clusters, indicating that the atmosphere over Cho
Oyu region is controlled by the westerlies during winter
and spring. Cluster 2 represents air masses originating from
the Sahara Desert in North African, passing through Iran,
Pakistan, and the northwest of India, and arriving finally at
our sampling site in about 5 days. When the air masses
pass through these regions, dust can be entrained into the
atmosphere and stay aloft for a long distance, especially for
the fine dust, before being scavenged by precipitation in the
Himalayas. This suggests that the trace elements associated
with dust loaded on the snow and ice in central Himalayas
may not come primarily from the arid and semi-arid
regions in central Asia (Mayewski et al. 1986; Wake et al.
1990; Williams et al. 1992), but mainly from the Thar
Desert in North India, as well as the regions in West Asia,
or even the distant Sahara Desert in North African. This
agrees well with other studies which suggested that the
long-range transport of desert dust from arid regions
ranging from India and the Middle East to perhaps as far as
the Sahara was responsible for dust deposition in the cen-
tral Himalayas (Carrico et al. 2003; Xu et al. 2009b). In
summer, the air trajectories originate from several regions

Table 4 Mean concentrations (pg g’l) of the snow samples at Cho Oyu, Qomolangma and Greenland

Location Time period Altitude V Cr Mn Co Ni Cu Zn As Rb Cd Sb Pb Bi U References
investigated (m)

Cho Oyu 2005 6,303 97 129 1,383 24 61 91 718 62 572 4 3 170 47 47 This study

Qomolangma 2004-2005 6,576 111 104 1,302 36 85 76 475 20 372 2 1 77 5 Lee et al. (2008)

Greenland 1991-1995 3,270 6 5 51 1 1 17 3 2 Barbante et al. (2003)
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(Fig. 5). Cluster 2 represents the westerlies over a long  represent Indian Monsoon, and cluster 5 represents the Bay
distance and clusters 1, 3, 4, and 5 represent trajectories of Bengal monsoon. The Indian monsoon water vapor
over a local or regional distance. Cluster 1, 3, and 4 comes from Arabian Sea/India Ocean, and arrives at the
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Himalayas a few days later. In autumn, the summer mon-
soon weakens gradually, and is replaced by the westerlies
later. In case of 2005 (Fig. 5), two clusters can be derived
directly from the HYSPLIT model. Cluster 1 represents the
trajectory of relatively short distance and low elevation by
Indian monsoon prevailing during the monsoon season,
while cluster 2 represents the trajectory of relatively long
distance and high elevation by the westerlies prevailing
during the non-monsoon season.

Therefore, the seasonal variation of source regions for
atmospheric trace elements in Cho Oyu is pertinent to
different atmospheric circulation patterns in central
Himalayas. The atmospheric trace elements pollution
revealed by these Cho Oyu snow samples results from
inputs of anthropogenic trace elements by short or long
distance transport from source regions. The rapid economic
growth and increasing of agricultural and industrial activ-
ities in the source regions (e.g., India) in the recent decades
result in serious anthropogenic trace element pollution in
the atmosphere (Pacyna and Pacyna 2001; Fang et al.
2005), even in the remote high altitude atmosphere over
Cho Oyu region of the central Himalayas.

Conclusions

Trace element concentrations were determined by ICP-MS
in snow pit samples from the Gyabrag glacier nearby Cho
Oyu. The data show pronounced seasonal variation of
concentrations of trace elements accompanying the shift
from monsoon and non-monsoon seasons. The concentra-
tions of trace elements present high values during the non-
monsoon season and low values during the monsoon sea-
son. The analysis of crustal enrichment factors indicates
that the contribution from rock and soil dust is probably
important for V, Mn, Co, Ni, Rb, Sr, and Th, while
anthropogenic inputs may be important sources for trace
elements of Cu, Zn, As, Cd, Sn, Sb, T1, Pb, Bi, and U. The
atmospheric transport pathways of trace elements were
investigated by the HYSPLIT model, indicating that air
masses were transported dominantly by Indian summer
monsoon during the monsoon season, while air masses
were transported completely by the westerlies during the
Non-monsoon season.

It will be interesting to expand this study by investi-
gating other trace elements such as Pt, Pd, and Rh, which
have been widely dispersed into the atmospheric environ-
ment by increasing use of automobile catalytic converters
in recent decades. It will be worthwhile to investigate the
variation of lead isotopes and organo-lead to identify nat-
ural and anthropogenic contributions to the fallout of Pb in
this region. Finally, it will be necessary to study long-term
records of trace elements in ice cores extracted from Cho

Oyu region to assess historical variation of atmospheric
pollution of these elements in this region.
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