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Abstract. The legacy of long-term mining activities in Wan- 1 Introduction
shan mercury (Hg) mining area (WMMA), Guizhou, China
including a series of environmental issues related to Hg pol-

. o An assessment of the primary mercury (Hg) sources to ter-
lution. The spatial distribution of gaseous elemental mercury P y y (Ho)

0 . . : . : . restrial ecosystems is imperative to evaluate its biogeochem-
(Hg") concentrations in ambient air were monitored using a

; . ) ical cycling (Landis and Keeler, 2002; Rolfhus et al., 2003;
mobile RA-915 Zeeman Mercury Analyzer during daytime ;. .
and night time in May 2010. The data imply that calcines Wiener et al., 2003). Atmospheric transport and transfor

> . L ) mation and its eventual deposition constitutes an important
and mine wastes piles located at Dashuixi and on-going ar-

. - o . source of mercury to pristine areas. Deposition is in-turn
tisanal Hg mining activities at Supeng were major source

Sinked to the levels of bioavailable and neurotoxic form
of atmospheric mercury in WMMA. For a full year (May . . i .
2010 to May 2011), sampling of precipitation and through- methylmercury (MeHg) in the aquatic food-web (Lindberg

fall were conducted on a weekly basis at three sites (Shen?t al., 2001; Miller et al., 2005). There are three species of

= B . mercury in atmosphere, including gaseous elemental mer-
gh_ong, Dashuixi, anq Supeng) W'th.m WMMA. Hg in depo- cury, semi-volatile oxidized species (acronym: GOM) and
sition was characterized by analysis of total Hg (THg) and non-volatile particulate form (PHg, Schroeder and Munthe
dissolved Hg (DHg) concentrations. The corresponding data1998) Unlike other heavy metals ,which tend to exist in thé
exhibit a high degree of variability, both temporarily and atmos:phere in the particulate pha'seowgpour is a ubiqui-
spatially. The volume-weighted mean THg concentrations intous constituents{ 95 %) of troposph’eric airborne mercury
precipitation and throughfall samples were 502.6Tgdnd due to a long residence time (from 0.5 to 2yr). Compared
977.8ngt! at Shenchong, 814.1 ngland 3392.1 ngi! at g ' . P

. 0 1 -
Dashui, 7450-L ngand 96415 g at Supeng. espec- i1 0, PO a0 SOW actons e more prove o
tively. THg was enhanced in throughfall compared to wet

and dry deposition (Guentzel et al., 2001).

dep03|t|or_1 _samples by up to a factor of 7. The anmiail wet To understand the regional budget of atmospheric Hg, it
Hg deposition fluxes were 29.1, 68.8 and 593.1 j1d g _ : . S
is important to determine spatial and long-term variability

at Shenchong, Dashuixi and Supeng, respectively, while the . ) ..
o . of atmospheric Hg concentrations and deposition fluxes. In
annual dry Hg deposition fluxes were estimated to be 378.9N h Ameri dE o : heric 1
2613.6 and 6178 ugn? yr—! at these sites, respectively. Dry orth America and Europe, monitoring of atmospheric Hg
depoéition played a dominant role in tot,al atmosphe.ric thas been carried out by a number of studies (e.g. Valente et
deposition in WMMA since the dry deposition fluxes were al., 2007; Munthe et al., 2003; &gberg et al., 2008; Sigler

10.4-37.9 times higher than the wet deposition fluxes durin etO?tIH i&oegr;ciu;;(?lrestl\itla”rczueo%eMoc;ri(tei()tzal\rlle%v(\)/grilt(ﬁDcl\rgss
the whole sample period. Our data showed that air deposi- y Dep

tion was still an imoortant athway of Ha contamination to sites have been set-up to monitor mercury wet deposition flux
. portant p y 9 (National Atmospheric Deposition Program, 2007). Further-
the local environment in WMMA.

more, dry deposition of atmospheric Hg to forest canopies
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Fig. 1. Map of the study area and sampling sites.

has been recognized as an important sink for atmospheriprovince, the largest Hg mine in the China, was an important
Hg. Foliage can both take up and emitHand HJ may mercury production centre in China (Qiu et al., 2006). Wan-
in-turn be oxidized to form other Hg species which may shan Hg mine is located in the circum-Pacific mercuriferous
adsorb to or wash off from the leaf surface (Browne andbelt (Gustin et al., 1999), and consists of three Hg ore fields
Fang, 1978; Lindberg, 1996). For locations in Scandinaviaand twenty Hg mineral deposits (Zhou and Li, 1958). Hg
and North America, it has been reported that fluxes of Hgmining operations in the area, which go down in history
in throughfall exceeded those of wet deposition by 60-90 %to tenth century BC, have generated significant quantities
(Iverfeldt et al., 1991; Munthe et al., 1995; Rea et al., 1996).0f gangues and mine tailings (calcines) stockpiled near the

East Asia has emerged as the world’s largest source reabandoned Hg processing sites and retorts. Between 1949
gion of atmospheric mercury mainly due to a rapid expan-and 1990s, approximately 125.8 million tons of calcines
sion in fossil fuel combustion and increased industrializationand 20.2 billion cubic meters of Hg-contained exhaust
in China and surrounding countries in contrast to significantgas had been dispersed into the adjacent ecosystems (Liu,
reduction in anthropogenic emissions from Europe and North1998). Although the large-scale state owned Hg mining
America (Jiang et al., 2006; Zhang and Wong, 2007). Up toenterprise was completely shut down in 2004, artisanal
now, however, only a few studies have been oriented toward¢small-scale) Hg production is still deployed in WMMA. Hg
long-term measurement of atmospheric Hg and depositiormining and production activities have resulted in serious Hg
fluxes in semi-rural and urban/industrial areas in China. Thecontamination in the local environment, including surface
results are in favour that most urbanized areas in China argvaters, alluvial soils and agricultural crops (Horvat et al.,
exposed to a significant degree of atmospheric Hg pollu-2003; Qiu et al., 2005, 2008; Li et al., 2009b; Zhang et al.,
tion (Fu et al., 2012). Long-term monitoring of atmospheric 2010a, b, c¢; Feng and Qiu, 2008). Among crops cultivated
Hg at the remote Chinese sites (Mt. Gongga, Mt. Leigongin WMMA, solelyrice (Oryza sativa)as been identified to
and Mt. Changbai) has revealed annual mean concentraexhibit a significant ability to bioaccumulate MeHg in its
tions significantly above the North hemispheric backgroundseeds (Zhang et al., 2010c; Meng et al., 2010, 2011). Rice
level (1.5-2.0ngm?3) (Fu et al., 2008; Wan et al., 2009a; consumption has in-turn been identified as the main MeHg
Travnikov, 2005; Kim et al., 2005; Valente et al., 2007; Guo exposure pathway to the local inhabitants in WMMA (Feng
et al., 2008; Wang et al., 2008). However, observations ofet al., 2008; Zhang et al., 2010d). The distribution of Hg in
airborne Hg in China are spatially insufficient to fully under- ambient air has previously been studied in WMMA mainly
stand the impact of Hg emission in China on both the localwithin connection with air-soil Hg) gas exchange studies
and regional scales. Therefore, there is impetus to conduaising enclosure method (Wang et al., 2007). However, a
further long-term measurements of atmospheric Hg and demore comprehensive investigation of Hg in ambient air and
position fluxes in China. in atmospheric deposition to WMMA s still lacking, which

Wanshan Hg mining area (WMMA; 22429'— prevents a broader understanding of Hg biogeochemical
27°3722'N, 1090717'-1092312"E in  Guizhou cycling in WMMA.
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Fig. 2. Contour chart of the spatial distribution of atmospheric mercury concentration in Wanshan mining area.

In this study, we investigated the spatial distribution of 2010. The Lumex instrument is portable atomic absorption
HgP in ambient air of WMMA in order to track the major spectrometer operating on the Zeeman principle to monitor
sources down. In the meantime, as an important part of thedgP in air, with a detection limit of 0.3 ng ¥ at a sampling
mass balance study in Wanshan area, both precipitation anfow rate of 18 mirmr® (Sholupov et al., 2004; Rodriguez et
throughfall samples were collected on a weekly basis fromal., 2007). The instrument was installed in a car and air was
May 2010 to May 2011 at three sites Shenchong, Dashuixbrought to RA-915 through a reinforced tube with inlet po-
and Supeng. The samples was subsequently processed for Hgioned well outside the vehicle perimeter. A series of road
analysis and the data obtained was utilized for determine drjrips was conducted in the WMMA at a travelling speed of
and wet deposition fluxes. The deployed methods are pre-~ 10 kmh 1, whereby H§ concentration and geographical
sented and further discussed below. The major goals of thiposition were recorded every 5s and collected on a portable
study are (1) to identify source regions of atmospheric mer-computer by using appropriate softwares. Hg concentrations
cury in the area, (2) to evaluate temporal and spatial variarecorded at individual points were smoothed into a geochem-
tions of both the dry and wet deposition fluxes in the region,ical map using a computer software (Arc/Info 9.3). We used
and (3) to provide important information on the status of thethe ordinary kriging method to generate maps of spatial dis-
atmospheric mercury pollution in this Hg mining area. tribution pattern of H§ in ambient air in the study area (Ya-

mamoto, 2000).
Precipitation samples were collected from May 2010 to

2 Experimental May 2011 at three sites under open sky. Coevally through-
fall samples were collected below the canopy of an adjacent
2.1 Site description (< 30m distance) grove. Both precipitation and throughfall

were collected by a weekly-integrated bulk sampler with a
WMMA is located in the eastern Wuling mountain range design based on a type of collectors used in European coun-
of Guizhou province. For our study, a catchment area oftries (Oslo and Paris Commission, 1998; Guo et al., 2008).
~170kn? was selected. There are three major settlement§he sampling train consisted of three borosilicate glass com-
in study area (cf. Fig. 1), namely Wanshan town and the vil-ponents: a funnel (15 cm diameter) connected via a capillary
lages of Aozhai and Xiaxi with a total population of 32 000. tube to a 800 ml collection bottle. The set-up was housed in
Rice paddy fields occupy 15.59 Knin the catchment, of an opaque plastic cylinder to protect it from sunlight (Guo et
which 25.7 % are irrigated by streams and creeks. The studwl., 2008). Furthermore, the bulk sampler was mounted on a
area has a humid sub-tropical climate with mild temperaturegrestle table at- 1.5 m above the ground to avoid contami-
(annual mean temperature 42). The annual precipitation nation from soil particles by splashing during heavy rainfall
totaling 1200-1400 mm, where of 75% of the amount oc-(Landing et al., 1998).
curs between April and October. The catchment has a typical Cleaning procedure was conducted using trace metal clean

karstic terrain with elevations from 270 to 1149 ma.s.l. protocols. Funnels, tubes and bottles were cleaned rigorously
by dipping in diluted oxidizing acid (10 % HN$), rinsing
2.2 Sampling procedures with ultrapure deionized water (Milli-Q, 18.2fcm) and

_ . S _ _ baking for one hour in a muffle furnace at 30@nd then dou-
To decipher the spatial distribution of Hgn ambient  pled bagged, stored in a plastic box until use. Immediately
air within the study area, sampling campaigns were perhefore deployment, 5ml trace-metal grade HCI (12 N) was

formed using a portable RA-915Zeeman Mercury Ana-  added into the sample collection bottle to prevent adsorption
lyzer (Lumex Ltd. Co., St. Petersburg, Russia) during May
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Table 1. Statistical summary of observed concentrations of mercury species in precipitation and throughfall samples collected at the three
sites Supeng, Dashuixi and Shenchong from May 2010 to May 2011.

Precipitation \ Througfall
THg  DHg PHg| THg DHg PHg

Shen Min(ng 1) 24.4 9.7 10.0| 1103 16.6 16.0
chong Max(ngt1) 683.4 2940 623.4 2062.0 1590.0 811.0
(n=21) Volume-weighted mean(ng} 502.6 178.3 324. 977.8 601.0 376.8

Standard deviation(anl) 178.9 79.4 164. 455.2 380.2 2355
Da Min(ng-1) 147.8 16.8 5.0 167.3 40.0 32.0
shuixi Max(ng I'1) 2122.0 1665.0 1114.6 7886.3 3310.0 7802.7
(n=28) Volume-weighted mean(ng}) 814.1 510.8 496.3 3392.1 1199.4 2192.7

Standard deviation(ng ) 413.3 338.9 304. 1933.5 957.7 1772.8
Su Min(ng 1) 301.0 9.4 198.00 645.0 147.5 200.0
peng Max(ngt1) 9685.0 4116.0 8065.0 54936.0 19925.0 50485.4
(n=24) Volume-weighted mean(ng}) 7490.1 1742.0 5748.1 96415 3189.9 6107.0

Standard deviation(ngf) 3091.8 1163.4 2215.8 12644.1 5774.8 11239.2

Table 2. Estimated THg deposition fluxes and annual THg deposition at Supeng, Dashuixi and Shenchong sites of WMMA.

Wet deposition \ Dry deposition
Deposition flux ~ Annual deposition ~ Area Deposition flux ~ Annual deposition  Area
(ng M2 day™ ) (kgyr™h) (km?) | (ngm?dayt) (kgyrh  (km?)
Shenchong 79.7 1.2 40. 1038.1 9.3 24.6
Dashuixi 188.5 2.8 41. 7161.1 37.8 14.5
Supeng 1624.9 17.6 29. 16926.0 120.4 19.5

and volatilization of mercury after collection. Samples col- Quality control measures included reagent blanks, field
lected at each site were poured into two 100 ml borosilicateblanks, blind duplicates and matrix spikes to assess con-
glass bottles, then shipped to the laboratory and stored in gamination and precision of Hg analysis. Reagent blanks
refrigerator (0—3) prior to analysis. A new clean sampling were consistently below 0.07 ngl in the experiments. The
collection bottle was replaced when the precipitation sampleTHg concentration of field blanks was present in the range
was collected. Losses after sub-sampling were assumed to 203-0.24 ngtl. The average relative standard deviation

insignificant (Guo et al., 2008). was found to be less than 7.3%. The difference of sample
duplicates was below 6 %. The recoveries for matrix spikes
2.3 Sample analyses ranged between 85 % and 110 % for THg and DHg analysis.

) ] The calculation of Hg deposition flux was based on the
Total mercury (non-filtered), and dissolved mercury (DHG, mqnthly Hg concentration data in precipitation and through-
filtered through a 0.45pm microfilter) concentrations wereg, Precipitation depth data were supplied by a nearby mete-

determined by Cold Vapour Atomic Fluorescence Spec-yq|ggical station. Statistical analysis of data was performed
trophotometry (CVAFS) following US EPA Method 1631 using Microsoft Excel and SPSS 18 softwares.

(US EPA, 2001). Samples were initially allowed to oxidize
at room temperature for 24 h after the addition of 0.5ml 0.2, , Pre-processing of vegetation index
N BrCl. Prior to measurement, 0.2 ml 20 % NBIH-HCI so-

; ; i Il
lution were added to remove the residual BrCl. Finally,Hg Normalized difference vegetation index (NDVI) was used to

gotor/le SS a(r?pllta_'was redutlzedzg%g-llg% thgkadd|t||on2cgo()7..3én| extract vegetation coverage for calculating the forested area.
6 SnC} (Horvat et al., » Kotnik et al,, , oU0 Digital cartographic generalization was a result of remote

et al., 2008). An estimate of mercury attached to particulate : ;
sense images scanned in September 2009 and March 2010
matter (PHg) was obtained by subtracting DHg from THg in g P

I by the thematic mapper (TM) of Landsat 4-5, and available
a sample. with a spatial resolution of 30 m. The process is based on
ENVI 4.3 and Arc/Info 9.3. It mainly included atmospheric

Atmos. Chem. Phys., 12, 6206218 2012 www.atmos-chem-phys.net/12/6207/2012/
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correction, radiometric correction and geometric correction o
of imagery. The following two operations were performed
before analysis. First of all, the image rectification involving 1000
of rectification of longitude and latitude, and definition of
projection, was performed. WGS 1984 was applied to raster
and vector data. Subsequently, the true value of NDVI was
calculated from Digital Number (DN) of each pixel accord-
ing to Eq. (1) (Carlson and Ripley, 1997).

- =- - Precipitation Throughfall (Shenchong)

800 +
600 o n

)
400 + - ‘.

THg concentration (ng L")

NDVI = DN x 0.004— 0.1 @ AN

2.5 Calculation of wet and dry deposition flux 0 — 77—
3 S ) <3 > $
Q’ég\ ’9_3\5“ '@"b‘} \G‘WQ,»\B’GJ%Q B 3 »\Q"&a o \\_ga“ \’\&Qp v\"sh =

The monthly deposition flux was calculated using the follow- ) Time
ing equation: 60003 (Dashuixi)

- - - Precipitation Throughfall
4'ZMH9J 5000
i J
()
wd?

where Dpg is the monthly mercury deposition flux
(ngm2month 1), Mg, i is the mass of Hg in weekly sam-
ple (ng), and! is the diameter of the collector area (m).

There are a number of methods employed to quantify at- s
mospheric dry deposition (Zhang et al., 2009). In the past, ~ ] . . |
throughfall and litterfall based methods have been used to » el e
estimate dry deposition in forested landscape (Lindberg and
Harriss, 1985; Iverfeldt, 1991; Choi et al., 2008). Accord-
ingly, Hg species in throughfall samples have been suggeste(
to derive from wash-off of dry deposition onto foliage, in-
ternal foliar leaching and, of course, the incoming rain. In
this study, the following assumptions were applied in order to
calculate dry deposition fluxes: (1) reduction of'HgHg®
on the leaf surface is negligible and (2) stomatal uptake of
Hg is limited. Theissen polygon method was used to divide
the catchment into three subunits, and the centers of three
subunits were placed at the sites where precipitation sample:
were collected (Owens and Norton, 1989; Milner et al., 1996; 4 VO ‘
Gibson et al., 2006). The area of each subunit was calculatec °
based on the GIS software.

Net throughfall deposition, which has been suggested to il
be a viable pathway to estimate dry deposition of atmo-
spheric Hg, is used to quantify the portion originating from Fig. 3. Monthly mean THg concentrations in precipitation and
the canopy (total throughfall deposition minus precipitation throughfall during the period May 2010-May 2011 (Shenchong up-
deposition) (St. Louis et al., 2001; Rea et al., 2001; Gray-per panel, Dashuixi mid panel and Supeng site lower panel).
don et al., 2006, 2008). However, the contribution of foliar
leaching to dry deposition was not investigated in the present
work. Therefore, dry depositional fluxes can be obtained bywhere, Fiyg is the dry deposition flux (ug nf yr=1), Cr is
direct determination and estimation using theoretical modelsTHg in throughfall (ng T%), Cr is THg in precipitation (ng
A multiple resistance model developed by Hicks et al. (1987) ), P4 is the precipitation depth associated with each sam-
and applied by Wan et al. (2009b) to calculate the dry depo-le, andr is dry deposition time (h).
sitional flux of atmospheric Hg in Mt. Changbai is used to
determine depositional flux in a forest canopy as shown in

Eq. (3):

DHg =

4000 +
3000

2000

THg concentration (ng L")

T T

S
2@
o

-
T T T T T T T T T T d
S S O LR o S P o
b S ~PC- S < R~ N CNE-LNE . o
S AN A A~ S AP A

Time

40000 1 - Precipitation Throughfall (Supeng)

30000

)

-1

20000

10000 7

THg concentration (ng L

Frg= —— 1—Cr)— 3
Hg 1000;[@ CR)—7] (3)
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Fig. 4. Scatter plots of PHg vs. THg concentrations in precipitation and throughfall.

3 Results and discussion during day time were also elevated compared to night time.
A long term of large scale Hg mining activities in the region
introduced significant quantities of piles and spoils heaps
of calcine, which were dumped along the stream banks at
Dashuixi. It is demonstrated that the calcine heaps continued
air of WMMA ranged over two orders of magnitude (17— tq rte_lgase HY to' gmb|ent air and Hg emission fluxes were
2100 ng nT3). The spatial distribution pattern of Agon- significantly positively correlated to ambient air temperature
centrations in air (Fig. 2) indicates the highest level in @nd solar radiation (Wang et al., 2005; Qiu, 2005; Feng and
Qiu, 2008), which may explain the diurnal variations in®Hg

connection with stockpiles of calcines and mine wastes a . .
Dashuixi, residential areas with large energy consumption apbservayons_.dOn Thiyv:ole,hthe T—I@pncentratlon dart]a f_romb
Xiaxi and Wanshan town, and the artisanal Hg mining site at'VMMA is evidently higher than long-term atmospheric ob-

Supeng during day time. However, during night-time period, Servations made on a mountain peakOkm in SSW (Fu et
surface level Hf concentrations dropped significantly with al., 2010).

only atendency of elevated levels around Wanshan town. The

highly enhanced Hilevels in ambient air at Supeng site dur-

ing daytime are related to nearby artisanal Hg smelting ac-

tivities by indigenous techniques described in Li et al. (2008,

2009a, b). At Dashuixi, Hyconcentrations in ambient air

3.1 Mercury concentrations in ambient air

The concentration span of Fgobservations in ambient

Atmos. Chem. Phys., 12, 6206218 2012 www.atmos-chem-phys.net/12/6207/2012/
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Table 3. Comparison of THg deposition fluxes measured in this study with those measured in some related studies globally.

Location Time Classification THg deposition flux (ugRyr—1)  Reference

Wet deposition  Dry deposition

Wanshan, China (Shenchong) May 2010 to May 2011 Contaminated site  29.9 378

Wanshan, China (Dashuixi) May 2010 to May 2011  Contaminated site  68.1 2606.9 This study

Wanshan, China (Supeng) May 2010 to May 2011  Contaminated site  592.6 6174.4

Idrija, Slovenia Oct 2006 to Sep 2007 Contaminated site  13.1 29.7 Kocman (2011)

Steubenville, USA 2004 urban 19.7 Keeler et al. (2006)

Fakahatchee Strand, USA 1993 to 1996 urban 23 Guentzel et al. (2001)

Japan Dec 2002 to Nov 2003  urban 12.8 8 Sakata and Marumoto (2005)

Chongging, China Mar 2003 to Feb 2006 Suburban 77.6 113 Wang et al. (2008)

Luchongguan, China Jan to Dec 2005 Suburban 77.7 Wang et al. (2008)

Waujiang , China Jan to Dec 2006 Semi-remote 34.7 Guo et al. (2008)

Mt.Leigong, China May 2008 to May 2009 Remote 6.1 10.5 Fu et al. (2010)

Mt.Gongga, China May 2005 to Apr 2007  Remote 26.1 57 Fu et al. (2010)

Mt.Changbai, China Aug 2005 to Jul 2006 Remote 8.4 Wan et al. (2009b)

Ontario, Canada 2005 to 2006 Remote 3.1 5.1 Graydon et al. (2008)

Walker Branch, USA Jul to Sep 1993 Remote 10 14 Lindberg et al. (1996)

Lake Huron, USA Jun 1996 to Jun 1997 Remote 4.9 6.7 Rea et al. (2001)

Lake Champlain Basin, USA  Aug to Sep 1994 Remote 7.9 11.7 Rea et al. (1996)

Uraani, Finland 1994 to 1995 Remote 5.1 15.8 Porvari and Verta ( 2003)

Svartberget, Sweden 1993 to0 1994 Remote 7 15 Lee et al. (2000)

Lehstenbach, Germany Apr 1998 to Apr 1999 Remote 35 384 Schwesig and Matzner (2000)
3.2 Concentrations of Hg species in precipitation and chong. site. Nevertheless, the volume-weighted mean THg

throughfall samples concentrations at Shenchong are still elevated compared to

observations made in polluted Chinese urban areas (such as

Table 1 shows a statistical summary of Hg concentrations"hangchun, north-eastern China, Fang et al., 2004).
in precipitation and throughfall samples during the sampling F19ure 4 shows that there are significantly positive corre-
period (17 May 2010 to 23 May 2011). We intended to col- Iatlon_s betvv_e_en _monthly mean concentrations of THg _and
lect samples weekly, however, interruptions were inevitable”’H9 I Precipitation as well as throughfall at the three sites.
due to drought periods. The concentrations of Hg speciei-ee et al. (2000) demonstrated PHg concentration was a cru-
varied with a large range at three sites, especially at g cial factor controlling the THg concentration in precipitation.
peng site, whereas Hg concentrations exhibited a relativeiyPU" data also may imply that particles are effectively scav-
stable level at Shenchong site. Mean concentrations of THEN9ed from the atmosphere directly by precipitation. On the
in precipitation and throughfall were 502.6 and 977.8Tg|l other hand, Hgin the_ surface air of WMMA may to some )
at Shenchong, 814.1 and 3392.1n} ht Dashuixi, 7490.1 degree become oxidized to GOM species, which are easily
and 9641.5ngl! at Supeng, respectively. In general, THg SCavenging by precipitation (Lindqvist et al., 1991).
concentrations in throughfall samples throughout the sam-_ A Significantly negative correlation was observed between
pling period were 1-7 folds higher than the CorrespondingTHg_cpnc_entraﬂons in both preC|p|ta_t|on and throughfall and
Hg concentrations in precipitation (Fig. 3). In general, fo- Précipitation depth at Shenchong sitex —0.47, p <0.05
liage is a sink of atmospheric Hg species, and deposition of"! Precipitationy = —0.43, p < 0.05 in throughfally = 26),
atmospheric Hg to foliar surfaces is enhanced as atmospheriﬁ’h'Ch is consistent wnh the previous observations conducted
Hg concentrations increased (Erichsen et al., 2003; Bushey &f the southwest of China (Feng et al., 2002, 2004; Fu et al.,
al., 2008; Zhang et al., 2005; Poissant et al., 2008). 2008, 2010, 2012). At this site, we also found a clear sea-
In a comparison, Supeng exhibited the highest Hg depo_sonal variation of THg concentrations in both precipitation
sition fluxes among three sites. The site is within the reactnd throughfall with elevated THg in cold seasons and low
of the source plume from artisanal Hg smelting operations,THg In warm Seasons. Nevertheless, there are no qb_vlogsly
which exhibits a very high emission factor of fi(Li et al,  Seasonal variations of THg concentrations in precipitation
2009). Furthermore, it could be speculated that this type of2nd throughfall at Dashuixi and Supengé)snes. At Dashuixi
operations acts as source of mercury (e.g. cinnabar) contairat: the calcine piles continued to release kigambient air
ing particulate matter (Guentzel et al., 2001; Moreno et al. and the emission fluxes correlated to ambient air temperature
2005), which in-turn will positively influence the Hg concen- and solar r-adlatllon (Wgng eF al., 2007). At S.upeng sité), Hg
trations in precipitation and throughfall samples. The low- COncentrations in ambient air were strongly impacted by the
est deposition fluxes in this study were observed at Shenintensities of artisanal Hg mining activities.
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I e T —— T elevated annual Hg deposition flux observed at Supeng site
(Shenchong) compared to the other two sampling sites.
100 -250 The monthly wet and dry deposition fluxes of THg at three
sampling sites are plotted together with precipitation depth in
Fig. 5. The monthly wet and dry deposition fluxes at each site
changed with the volume of rainfall, but the correlations were
not significant during the rainy season. Recent studies have
demonstrated that an increase in Hg atmospheric deposition
' L s0 fluxes resulted in an increase in MeHg production in aquatic
o systems and subsequently an increase of MeHg concentra-
S 26 S A 6 S G N s R tions in fish (e.g. Harris et al., 2007). Meng et al. (2010)
W o P ‘\M of T also showed that newly deposited Hg appears to be more
W i s T et S=Foeciidin [0 pm labile towards transformation to MeHg in rice paddies, a
16 (Dashuixi) [ [ L species being bioaccumulated in rice seeds. Therefore, el-
evated MeHg concentrations in rice cultivated in WMMA
200 (Horvat et al., 2003; Qiu et al., 2008; Feng et al., 2008; Zhang
et al., 2010d) may indirectly stem from the elevated THg de-
position fluxes. In order to reduce bioaccumulation of MeHg
in rice in WMMA, measures need to be taken to reduce Hg
deposition fluxes to the area. First of all, artisanal Hg mining
activities should be appropriately regulated so that Hg emis-
sion from this category can be significantly reduced. More-
@‘:@“ \y"?\g}a“Qg“‘\cﬁoaa"9@‘(‘g‘ & ?Q»;g‘ over, mercury emigsion from the calcine and tailing piles and
Month contaminated soil in WMMA needs to be controlled.
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A comparison of THg deposition fluxes in urban, suburban,
remote areas of China, North America, Europe and other
sites is showed in Table 3. In comparison with the Idrijca
L s0 catchment of Idrija Hg mining area in Slovenia, which is

the second largest Hg mine in the world, we found that the

pk it iy i soue o o W g s o coee o concentration of Hgin ambient air in WMMA was simi-
I P T lar with the values reported in Idrija in 1999 (Kotnik et al.,
Month 2005). However, the annual Hg deposition fluxes measured in

WMMA were 2—-45 and 12-200 folds higher for wet and dry
deposition than those observed in Idrijca area, respectively
(Kocman et al., 2011).

Huge emissions of Hg will not only result in high Hg de-
position fluxes at the local scale, but also have a strong im-
3.3 THg deposition fluxes in WMMA pact on Hg deposition in a regional scale. THg wet deposition

fluxes reported for urban and industrial areas of China were
Estimated wet and dry Hg deposition fluxes and annual toin the range of 77.6-152 ugmayr—1, which were much
tal Hg deposition at Shenchong, Dashuixi and Supeng sitehigher than the values reported from North America and Eu-
are listed in Table 2. The total annual Hg deposition to therope (Carpi and Chen, 2002; Dommergue et al., 2002; Ly-
study area is estimated to be 189.1 kg'yrwhereof dry de-  nam and Keeler, 2005). For urban areas of China, relatively
position contributed 88.6 % of the total deposition. Our datahigh THg deposition fluxes were observed at inland cities,
demonstrated that THg deposition fluxes to WMMA are still which are generally co-located with large point sources (e.g.
at an elevated level in spite of the fact that large scale Hgcoal-fired power plants, non-ferrous metal smelters, etc.)
mining activities have been completely shut-down for sev-and residential coal burning (Fu et al., 2009, 2012). THg
eral years. Our data also indicated that the dry depositiorwet deposition fluxes in remote areas in China were also
processes played a dominant role in atmospheric Hg depadaigher than the values reported from the analogous studies
sition to WMMA. A large amount of Hg emission from on- in other countries € 10 ugnm2yr—1), except for the case
going artisanal Hg mining activities could explain the much from Lehstenbach, Germany (35 pgfryr—1) which were

150
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t-100
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Fig. 5. Time series of monthly deposition fluxes and corresponding
precipitation depth.
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impacted by air pollution from Eastern Europe (SchwesigCarlson, T. N. and Ripley, D. A.: On the relation between NDVI,
and Matzner, 2000). In general, THg wet deposition fluxes fractional vegetation cover, and leaf area index, Remote Sens.
in semi-remote and remote areas in China fall in the range of Environ., 62, 241-252, 1997.

6.0-34.7 pgm2yr—1, which were significantly lower than Carpi, A. and Chen, Y. G.: Gaseous elemental mercury fluxes in
those in the urban areas. However, the THg wet deposition_New York city, Water Air Soil Pollut., 140, 371-379, 2002.

fluxes in WMMA were elevated compared to observations M H- D- Sharac, T. J., and Holsen, T. M. Mercury deposi-
. . tion in the Adirondacks: A comparison between precipitation and
made in urban areas of China.

throughfall, Atmos. Environ., 42, 1818-1827, 2008.

Dommergue, A., Ferrari, C. P., Planchon, F., and Boutron, C. F.: In-
fluence of anthropogenic sources on total gaseous mercury vari-
ability in Grenoble suburban air (France), Sci. Total Environ.,

. . . . 297, 203-213, 2002.
Measurements of I-Pgln ambient air and atmospheric Hg Erichsen, J. A., Gustin, M. S., Schorran, D. E., Johnson, D. W.,

?epols\;ltlonzlz)ul)z)es VK/Tre ggrlnlwo%m n V\_/ansh?r(;_'mlnmg area Lindberg, S. E., and Coleman, J. S.: Accumulation of atmo-
rom ay 2L to May - Observations o . gonc_en-__ spheric mercury in forest foliage, Atmos. Environ., 37, 1613—
trations in air showed large temporal and spatial variability. 1622 2003.
Emissions of mercury from Cé_“CineS_ and mine wastes pi.|esFang, F. M., Wang, Q. C., and Li, J. F.: Urban environmental mer-
located in Dashuixi and on-going artisanal Hg mining activ-  cury in Changchun, a metropolitan city in northeastern China:
ities at Supeng were identified as the major sources of at- source, cycle, and fate, Sci. Total Environ., 330, 159-170, 2004,
mospheric mercury in WMMA. The concentrations of Hg Feng, X. B. and Qiu, G. L.: Mercury pollution in Guizhou, South-
species in precipitation and throughfall varied spatially and Wwestern China - An overview, Sci. Total Environ., 400, 227-237,
temporally, and the average THg concentrations in precip- 2008 _ _ _
itation and throughfall were 502.6ngli and 977.8ngt: ~ Feng, X. B., Li, P. Qiu, G. L., Wang, S. F,, Li, G. H., Shang, L.
at Shenchong, 814.1ngli and 3392.1 ngi! at Dashuixi, H., Meng, B,, Jiang, H. M., Bali, W. Y., Li, Z. G., and Fu, X.
1 1 . W.: Human exposure to methylmercury through rice intake in
7490.1 ngt+and 9641.5 ngl- at Supeng, respectively. PHg - . : ) . :
. - .. AT mercury mining areas, Guizhou province, china, Environ. Sci.
is the major form of Hg species in precipitation and through-

. . Technol., 42, 326-332, 2008.
fall. THg concentrations in throughfall samples were 1-7 Feng, X. B., Sommar, J., Lindgvist, O., and Hong, Y. T.: Occur-

folds higher than THg concentrations in the corresponding rence, emissions and deposition of mercury during coal combus-
precipitation. The elevation of THg concentrations in both  tion in the province Guizhou, China, Water Air Soil Pollut., 139,
precipitation and throughfall samples at Supeng site is re- 311-324, 2002.

lated to Hg emission from on-going artisanal Hg mining ac- Feng, X. B., Shang, L., Wang, S., Tang, S., and Zheng,
tivities. The concentrations of Hg species in both precipita- W.: Temporal variation of total gaseous mercury in the
tion and throughfall samples collected at Supeng were also & of Guiyang, China, J. Geophys. Res. 109, D03303,
elevated compared to data obtained from other sites in Wan- 90i:10.1029/2003JD004152004. _

shan. The annual THg wet deposition fluxes at Shenchong; % X- W Feng, X. B., Sommar, J., and Wang, S.. A review of stud-
Dashuixi and Supeng were 29.1, 68.8 and 593.1p§|yn‘1, ies on atmospheric mercury in China, Sci. Total Environ., 421—

o . 422, 73-81¢0i:10.1016/j.scitotenv.2011.09.088012.
and the annual dry deposition fluxes at these sites were 378.9, 'y '\\/ Fegg X_B. Zr{u W. Z., Wang S.QF_ and Lu. J.: To-

2613.8 and 6178.0 ugTﬁ yr—*, respectively. The Hg depo- 5] gaseous mercury concentrations in ambient air in the eastern
sition fluxes observed in WMMA were elevated compared  sjope of Mt. Gongga, South-Eastern fringe of the Tibetan plateau,
to urban areas in China, and other sites in North America, China, Atmos. Environ., 42, 970-979, 2008.
Europe and other countries. Atmospheric Hg deposition refu, X. W., Feng, X. B., Wang, S. F., Rothenberg, S., Shang, L. H.,
mains to be an important pathway of Hg contamination to the and Li, Z. G.: Temporal and spatial distributions of total gaseous
local environment of WMMA. mercury concentrations in ambient air in a mountainous area
in southwestern China: implications for industrial and domestic
mercury emissions in remote areas in China, Sci. Total Environ.,
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