
ARTICLE IN PRESS
1352-2310/$ - se

doi:10.1016/j.at

�Correspond
fax: +86851 58

E-mail addr
Atmospheric Environment 42 (2008) 970–979

www.elsevier.com/locate/atmosenv
Total gaseous mercury concentrations in ambient air in the
eastern slope of Mt. Gongga, South-Eastern fringe of the

Tibetan plateau, China

Xuewu Fua,b, Xinbin Fenga,�, Wanze Zhuc, Shaofeng Wanga, Julia Lud

aState Key Laboratory of Environmental Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang 550002, PR China
bGraduate University of the Chinese Academy Sciences, Beijing 100049, PR China

cInstitute of Mountain Hazards and Environment, Chinese Academy of Sciences, Chengdu 610041, PR China
dDepartment of Chemistry and Biology, Ryerson University, Toronto, Ont., Canada M5B 2K3

Received 13 February 2007; received in revised form 5 October 2007; accepted 8 October 2007
Abstract

During May 2005–June 2006, measurements of total gaseous mercury (TGM) concentrations were carried out by using a

set of automatic atmospheric mercury vapor analyzer (Tekran 2537A) at Moxi base station (1021070E, 291400N, 1640m

a.s.l.) of the Gongga alpine ecosystem observation and experiment station of Chinese academy of sciences (CAS) which

belongs to the Chinese ecosystem research network (CERN). A seasonal distribution pattern of TGM in ambient air was

observed on the descending order of winter, fall, spring, and summer. Geometric mean TGM concentration over the

sampling periods was 3.98 ngm�3 with a range from 0.52 to 21.03 ngm�3. The measurements showed a noticeable diurnal

TGM distribution pattern with high concentration during daytime compared to nighttime; the maximum and the

minimum concentration appeared near solar noon and immediately before sunrise, respectively. TGM concentrations were

regulated by the wind directions, and wind from the southeastern direction carried more mercury than any other direction

suggesting that anthropogenic sources, such as local zinc smelting activities and fuel combustion, played a predominant

role in the elevation of TGM concentrations in this area.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Total gaseous mercury (TGM) (mainly comprised
of Hg0) is the predominant form of atmospheric
mercury (Slemr et al., 1985), which has long been
depicted as a global pollutant because of its long
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residence time (0.5–2 yr) in the atmosphere (Schroe-
der and Munthe, 1998). Once being emitted from
anthropogenic and natural sources, Hg0 can be
transported and deposited to remote places even
1000 km away from sources (Johansson et al., 2001).
Mercury could undergo physical and chemical form
transformation, and eventually be converted to
methyl-mercury, a highly toxic mercury species that
can pose seriously potential harm to human beings
(Lindqvist, 1991). Anthropogenic sources which
.
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include, coal combustion, waste incineration, metal
smelting and production and cement production
release large amounts of Hg0 in addition to reactive
gaseous mercury (RGM) and particulate mercury
(PM) (Wilson et al., 2006); while natural sources,
such as emissions from naturally mercury enriched
soil, ocean surface, volcanoes and geothermal
activities, predominantly emit Hg0 (Moore and
Carpi, 2005; Poissant et al., 1999; Gustin and
Stamenkovic, 2005; Gustin, 2003).

Recent studies suggested that the mercury emis-
sion rates from anthropogenic activities seemed to
decrease in Europe and North America via long
term observations of atmospheric mercury concen-
trations during the last decade (Slemr and Scheel,
1998; Slemr et al., 1995, 2003; Iverfeldt et al., 1995).
However, it is still difficult to predicate the world-
wide trend of anthropogenic mercury emission rate
because of the increased amount of coal combustion
in developing countries (Jaffe et al., 2005; Pacyna et
al., 2006), where the mercury emission inventories
are poorly studied. Concentrations of TGM have
been well documented at remote places in Europe
and North American (Lindberg and Stratton, 1998;
Poissant and Hoenninger, 2004; Poissant et al.,
2005; Gabriel et al., 2005; Kellerhals et al., 2003;
Wängberg et al., 2001), and background levels of
TGM in North hemisphere are believed to be
1.5–2.0 ngm�3. The profile of TGM concentrations,
however, differs greatly among different continents
due to combined effects of several factors such as
diversity of source processes, fossil fuel use patterns
and large-scale meteorological conditions (Pirrone
et al., 1996). China is regarded as one of the largest
anthropogenic mercury emission region in the world
(Streets et al., 2005; Wu et al., 2006), but only a few
measurements of TGM concentrations in ambient
air of China to our best knowledge have been
performed (Liu et al., 2002; Feng et al., 2003, 2004;
Kuo et al., 2006). Most measurements were
conducted only in urban areas and carried out for
a relatively short period of time (Liu et al., 2002;
Feng et al., 2003; Kuo et al., 2006). The current data
on TGM concentrations in ambient air are not
sufficient enough to elucidate the spatial and
temporal distribution pattern of TGM in China.
Moreover, there is no information about ambient
TGM concentrations at relatively remote sites in
China even though it has been reported that there
are large differences in TGM concentrations be-
tween urban and remote areas. In this study, TGM
concentrations in the ambient air were conducted at
one site in the eastern slope of Mt. Gongga during
the period from May 2005 to June 2006. The
objectives of this study were to characterize the
temporal distributions of the TGM concentrations
in ambient air at a less human activities effected site
in Southwestern China and to identify factors
influencing the TGM distributions in this region.

2. Method

2.1. Monitoring site

Mt. Gongga (291200–301200 N, 1011300–1021150 E)
is situated on the Quaternary sections of the eastern
Qinghai-Tibet Plateau and its transit zone to the
Sichuan province, and is the highest mountain in
Sichuan province with the summit of 7556m above
sea level. The sampling site is located at the alpine
ecosystem observation and experiment station
(1640m a.s.l.), which is also one of the background
air pollutant monitoring stations operated by Chi-
nese Academy of Sciences (CAS) (Fig. 1). The site is
a flat alluvial plateau surrounded by alpine primary
forest. The station is located in the northwest of
Moxi town, and is equipped with standard meteor-
ological instrumentations for temperature, relative
humidity, wind direction, wind speed and solar
radiation measurements. Meanwhile, airborne pollu-
tants such as O3, SO2, NOx are also monitored. The
inlet of heated Teflon sampling tubing for TGM
monitoring was mounted at 6m above the ground.

Moxi town is located on about 200 km South-
western of Chengdu and 42km southern of Kangd-
ing city. Its population is about 7000, and annual
coal consumption is about 900 tons. A village with
population about 2000 is located 5 km northwest of
the sampling site. There are no large-scale industrial
activities in this area, while domestic coal and biofuel
burning for cooking and house heating, gasoline
consumption on motor vehicles are the main
anthropogenic airborne mercury emission sources.
Besides, it is worth noticing that two large counties
are located on the southeastern of the sampling site.
Shimian county situated 50km southeast of sampling
site with a population of 120,000, and Hanyuan
county situated 60km southeast of sampling site with
a population of 340,000 are large zinc production
areas and the annual Zn production of Shimian
county reached about 100,000 tons. Zinc smelting
could be an important atmospheric mercury emission
source due to poor pollution control technologies
applied (Feng et al., 2004; Streets et al., 2005).
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Fig. 1. Location of sampling site in the eastern slope of

Mt. Gongga.
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Because of the barrier effect of Mt. Gongga, no
seasonal ground wind fields exist in the study area,
and the wind system near the surface is mainly
dominated by valley wind system regardless of
seasons. In the daytime, air mass is mainly from
southeastern direction and Hg polluted air in
Shimian and Hanyuan counties may be transported
to the sampling site; while during the nighttime,
wind from the northwestern mountain side is
dominant.

2.2. Automated TGM measurements

Measurements of the TGM concentrations in
ambient air were performed with an automated
mercury vapor analyzer Tekran Model 2537A
(Schroeder et al., 1995). This analyzer is widely
used all over the world and has demonstrated its
accuracy, stability and reliability under most remote
and rugged conditions imaginable (Tekran, 2002).
Its technique is based on the collection of TGM
on gold traps, followed by thermally desorption
and finally detected as Hg0 by cold vapor atomic
fluorescence spectrometry (l ¼ 253.7 nm). A 45mm
diameter Teflon filter (pore size 0.2 mm) was used to
protect the sampling cartridges against contamina-
tion of airborne particulate matters. The data
quality of Tekran Model 2537A was guaranteed
via periodical internal recalibration with a 25 h
interval and the internal permeation source was
calibrated every 2 months. The precision of Tekran
Model 2537A is less than 2% and the detection limit
is less than 0.1 ngm�3, and this provided analysis of
TGM in the air at sub-ngm�3 levels (Tekran, 2002).
The sampling flow rate was set at 1.5 Lmin�1 and
the sampling time was 5min except during the
sampling period from 4 January to 7 April 2006 in
which a sampling time of 15min was applied.

In this study, we intended to measure TGM
concentrations on routine basis; however, there
were still some interruptions caused by the instru-
ment maintenance and the employment of the
analytical system on other study purposes. The
longest periods which we were unable to retrieve
data included the following 6 terms: (1) 11–17 June
2005; (2) 6–13 September 2005; (3) 30 September to
11 October 2005; (4) 29 November to 6 December
2005; (5) 4 March to 7 April 2006; and (6) 12–16
April 2006. Except for these breaking periods, we
collected a total of 53532 individual data points
from our TGM measurements.

3. Results and discussion

3.1. Overall TGM distribution characteristics in the

study site

Fig. 2 represents the highly-time resolved long-
term data set of TGM concentrations in ambient air
at Moxi sampling site, and the geometric mean
TGM concentration (because TGM data followed a
log normal distribution pattern as discussed later in
this section, the geometric mean will best present the
average concentration) over the sampling period
was 3.98 ngm�3 with the range across two orders of
magnitude from 0.52 to 21.03 ngm�3 (Table 1).
TGM concentrations in ambient air in our study
area were much lower than those observed in some
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Fig. 2. Total gaseous mercury (TGM) concentration in the ambient air at Moxi sampling site.

Table 1

Statistic summary of TGM concentrations (ngm�3) at Moxi sampling site

Maximum Minimum Geomean SD Median n

Spring (March–May) 8.49 0.52 3.37 1.20 3.55 14 361

Summer (June–August) 6.33 1.49 3.02 0.63 3.12 22 096

Autumn (September–November) 8.14 1.52 4.35 1.40 4.56 7733

Winter (December–February) 21.03 1.69 5.65 2.03 6.39 9342

All data 21.03 0.52 3.98 1.62 3.89 53 532
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urban areas in China. Mean TGM concentration in
ambient air at a residential area in Guiyang,
Southwestern China was 8.40 ngm�3 during the 1
year measurement campaign from November 2000
to November 2001 (Feng et al., 2004). Kuo et al.
(2006) measured TGM concentrations at Chupei
city, northwest of Taiwan, China and found that the
mean TGM concentration was 8.40 ngm�3. The
mean TGM concentration measured at a residential
area in Beijing reached up to 16.67 ngm�3 and was
about four times higher compared to our result. It is
clear that the mean TGM concentration at Moxi
sampling site is much higher than those observed in
some remote areas in northern America and
Europe. Burke et al. (1995) measured TGM
concentrations at a number of remote areas in the
Great Lakes region of North America and found
the mean TGM concentrations were between 1.59
and 1.93 ngm�3. Kim et al. (2005) analyzed both
spatial and temporal distribution characteristics of
atmospheric mercury using data collected from a
period of 4–6 years at six sites in America, Asia,
Arctic and Europe, and concluded that the annual
mean TGM concentrations at all stations except for
Seoul were between 1.58 and 1.93 ngm–3, which
clearly reflected the TGM concentrations in back-
ground areas in Northern hemisphere. The elevated
TGM concentrations in Moxi sampling site reflected
that the regional background level of TGM in
southwestern china was elevated. Southwestern
China is one of the largest mercury emission areas
in China, and coal combustion related to industrial
and domestic purposes together with non-ferrous
metal (especially zinc) smelting activities are the two
main mercury sources. It was reported that total
mercury emission from Guizhou, Sichuan and
Yunan provinces reached about 128 tons in 2003
(Wu et al., 2006), and the huge amount of mercury
emissions definitely contributed to the elevation of
TGM concentrations in this region. Meanwhile,
local Hg emissions from large quantities fuel
consumption and zinc smelting activities are also
notable. The sampling site is located adjacently to
Moxi town, and mercury emissions from local
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human activities would inevitably contribute to the
elevated TGM concentrations at the sampling site.
Besides, mercury emissions from zinc smelting
industries in Shimian and Hanyuan counties could
also contribute to the elevated TGM concentrations
at Moxi site. No data from the open literature was
available on mercury emission from zinc smelting
activities in Shimian and Hanyuan counties. If the
average mercury emission factors for zinc smelting
of 86.6 g t�1 was used to estimate mercury emission
from zinc smelting in China (Streets et al., 2005),
annual mercury emission from zinc smelting in
Shimian county will reach 8.7 tons since the annual
zinc production is about 100,000 tons. Moreover,
these two counties are densely populated and
mercury emissions from fuel consumption would
also be considerable as well. Since Shimian and
Hanyuan counties are located in the upper wind
direction of the sampling site, mercury emission
from these counties may probably be transported to
Moxi sampling site and result in the elevation of
TGM concentrations.

Frequency distributions of the high time resolved
TGM data from the whole measurement campaign
is shown in Fig. 3. TGM concentrations followed a
typical log normal distribution pattern, and TGM
concentrations dominantly fell in the range of
2–6 ngm�3, which accounted for 76.02% of the
total frequency. However, a large variability of the
TGM concentrations was observed. Unusual high
concentration data were abundant with 1.55% of
the TGM data sets exceeding 10 ngm�3, and most
of which were seen dominantly during the winter
months (December and January).
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Fig. 3. Frequency distribution of TGM covered the whole

sampling period at Moxi sampling site. The calculation is based

on the hourly averaged TGM concentrations.
Southeastern and northwestern winds were the
dominant winds during the whole sampling period
(Fig. 4A), which accounted for 84.2% of the total
frequency. The valley in which the sampling site is
situated stretches along the southeastern and north-
western direction. The mean TGM concentrations
in ambient air from any wind directions throughout
the study period were obviously higher than the
values observed in the background areas in Europe
and North America (Fig. 4B), implying that the
regional background TGM concentrations in the
atmosphere were elevated. Wind from northwest
direction traveling over the mountains before reach-
ing the sampling site showed the lowest average
TGM concentration of 3.52 ngm�3; while southeast
wind showed the highest average TGM concentra-
tion of 5.17 ngm�3, suggesting that mercury emis-
sion from zinc smelting activities in Shimian and
Hanyuan counties did have a strong impact on
TGM distribution at the sampling site. Mean TGM
concentration was 4.27 ngm�3 during these periods
when no wind was detected. This value is some what
higher than the average TGM concentrations
observed from wind from the northwest direction,
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suggesting that anthropogenic activities in Moxi
town could contribute to the elevation of TGM
concentrations observed in the sampling site to
some degree.

3.2. Seasonal distribution patterns of TGM

To assess the seasonal variation of TGM concen-
trations, distribution of monthly geometric mean
TGM concentrations at Moxi sampling site is shown
in Fig. 5, and a remarkable seasonal distribution
pattern was observed. The seasonal geometric mean
TGM values decreased on the descending order:
winter (5.65ngm�3), autumn (4.35ngm�3), spring
(3.37ngm�3), and summer (3.02ngm�3). The highest
monthly concentrations were observed in December
2005 with a geometric mean of 6.47ngm�3, which
was more than two times higher than the lowest
monthly geometric mean concentration of 2.92ngm�3

observed in June 2005. This seasonal pattern in fact
can be regarded as the most common one in the
northern hemispheric (Kim et al., 2005; Dastoor and
Larocuue, 2004), and the summer minimum and
winter maximum TGM concentrations were also
observed in many previous studies (Ebinghaus et al.,
2002; Kellerhals et al., 2003; Kock et al., 2005;
Poissant et al., 2005). There were several possible
reasons for this remarkable seasonal distribution
pattern of TGM concentrations.

First of all, increase of TGM concentrations in
wintertime was reasonable due to the enhancement
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Fig. 5. Monthly geomean concentrations of TGM at Moxi sampling

within the box indicate the standard deviations.
of anthropogenic mercury emissions (Feng et al.,
2004; Kim and Kim, 2000; Kellerhals et al., 2003).
Feng et al. (2004) discussed the seasonal change of
TGM in Guiyang city, southwestern China, and
found that the increased domestic coal consumption
for household heating was the main cause of
elevated TGM concentrations observed in winter.
Due to the maintenance of the instruments, we only
have measurement data of SO2 and NOx for the
period from 1 July to 12 November 2005 during our
sampling campaign. The mean SO2 and NOx

concentrations for this period were 2.43 and
1.95 ppb, respectively, which were elevated com-
pared to those observed in remote areas in Europe
(i.e. Reatad et al., 1998), indicating the existence of
local coal combustion sources. Generally, coal
combustion emission is one of the most important
sources of atmospheric SO2 and NOx, and we did
correlation analysis between TGM and these two
airborne contaminants as shown in Fig. 6. No
significantly positive correlations between TGM
and both SO2 and NOx were observed during the
period from 1 July to 12 November 2005 (Fig. 6a
and c). This implies that the regional coal combus-
tion sources contributed more to the elevation of
these contaminants at the sampling site for the
period from 1 July to 12 November 2005 compared
to the local combustion sources from Moxi town
because SO2 and NOx have much shorter lifetime in
the atmosphere compared to TGM. However,
significant correlations between TGM and both
onth

Dec Jan Feb Mar Apr May

site based on hourly mean concentrations. Whiskers above and
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SO2 and NOx concentrations in ambient air were
observed during the cold period from 12 October to
12 November 2005 as shown in Fig. 6b and d. The
correlation coefficient between TGM and SO2 was
0.43 (Po0.001) and that between TGM and NOx

was 0.45 (po0.001). Since domestic coal burning for
house heating activities initiated in that period of
time, local coal burning activities significantly
contributed to the elevation of TGM, SO2 and
NOx at the sampling site. This line of evidence
reinforced the argument that the local domestic coal
burning for house heating was responsible for the
elevated TGM concentrations in cold months.

On the other hand, seasonal variation of the
reactions between atmospheric oxidants and Hg0

might also play an important role in the seasonal
distribution pattern of TGM. The major oxidation
species in the troposphere is the OH radical, of
which the concentrations varied seasonally, with
summer and spring concentrations higher than
autumn and winter values (Bahm and Khalil,
2004), and accelerated oxidation rate of Hg0 by
OH radical in summer and followed by dry
deposition and wet scavenging process was an
important reason attributed to the summer minimum
TGM concentrations in the atmosphere (Bergan and
Rodhe, 2001). Moreover, it is also well documented
that the substantial dry deposition of TGM to forest
leaves occurred in growing seasons (Rea et al., 2001)
because it is clear that a major portion of the mercury
in foliage originates from the atmosphere (Fleck and
Grigal, 1998). As PM are likely to be washed-off from
the foliar surface via throughfall, the majority of dry
deposition to foliage is gaseous form which account
for a large fraction of total mercury deposition (Rea
et al., 2001). The foliar uptake of TGM during
growing seasons (April–October) might result in more
dry deposition of TGM during summer than the
other seasons.

3.3. Diurnal variation of TGM concentrations

Annual hourly mean TGM concentrations at
Moxi sampling site are shown in Fig. 7, and diurnal
distribution pattern of TGM concentrations was
obvious from this analysis. TGM concentrations
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peaked at noon, and then decreased and the lowest
concentration was observed in the early morning.
The diurnal distribution pattern is quite similar to
those observed at a suburban site in northeast
Taiwan, China (Kuo et al., 2006). Kellerhals et al.
(2003) also reported that seven of the 10 measure-
ment sites in the Canadian atmospheric mercury
measurement network (CAMNet) experienced a
similar cycle of maximum concentrations near solar
noon (10:00–14:00 local standard time) and mini-
mum concentrations in early morning
(03:00–07:00). A different diurnal TGM distribution
pattern was observed at several European sites (Lee
et al., 1998; Schmolke et al., 1999). In these sites,
maximum TGM concentrations occurred in the
night or early morning. These nighttime peaks of
TGM concentrations were attributed to the fact that
Hg0 emitted from surface accumulated in the
nocturnal inversion layer (Schmolke et al., 1999).
In contrast, one of the most important reasons
regulated the diurnal distribution pattern of TGM
at Moxi sampling site was the transport process of
TGM. As discussed above, the wind from southeast
carried air mass with higher mercury concentrations
than those from other directions. It is shown from
Fig. 7 that TGM concentrations correlated signifi-
cantly with the hourly relative frequencies of the
southeastern wind occurrence (r ¼ 0.88, po0.001).
As stated previously, the dominant wind direction
at the study site was mainly from the southeast and
northwest (Fig. 7). The diurnal cycle of wind
directions at the sampling site demonstrated a
distinct characteristic of valley wind system, and
the predominant wind in the daytime was from
southeast, which contained elevated TGM concen-
trations. During the nighttime, wind from north-
west direction was dominant, which brings clear air
to the sampling site.

4. Conclusion

Geometric mean TGM concentration in ambient
air at the study site was 3.98 ngm�3 with a range
from 0.52 to 21.03 ngm�3, which is significantly
elevated compared to the values observed at global
background sites in Europe and North America,
which varied from 1.5 to 2.0 ngm�3. A distinctly
seasonal distribution pattern of TGM was observed
during the measurement period. TGM concentra-
tions were the highest in winter and the lowest
during summer. The geometric mean TGM con-
centration in summer was 0.96 ngm�3 lower than
the annual geometric mean value, while the mean
value in winter was 1.67 ngm�3 higher than the
annual mean. The diurnal distribution pattern was
generally characterized by the elevated concentra-
tions during daytime compared to nighttime and the
maximum concentration occurred near the solar
noon and the minimum concentration appeared
immediately before sunrise. The wind directions
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regulated TGM concentrations, and southeastern
wind carried more mercury than any other direc-
tions. Obviously, the regional and local anthropo-
genic sources such as smelting activities and fuel
combustion play a predominant role in the elevation
of TGM concentrations in the air at the sampling
site.
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