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a b s t r a c t

Mt. Gongga area in southwest China was impacted by Hg emissions from industrial activities and coal
combustion, and annual means of atmospheric TGM and PHg concentrations at a regional background
station were 3.98 ng m�3 and 30.7 pg m�3, respectively. This work presents a mass balance study of Hg in
an upland forest in this area. Atmospheric deposition was highly elevated in the study area, with the
annual mean THg deposition flux of 92.5 mg m�2 yr�1. Total deposition was dominated by dry deposition
(71.8%), and wet deposition accounted for the remaining 28.2%. Forest was a large pool of atmospheric
Hg, and nearly 76% of the atmospheric input was stored in forest soil. Volatilization and stream outflow
were identified as the two major pathways for THg losses from the forest, which yielded mean output
fluxes of 14.0 and 8.6 mg m�2 yr�1, respectively.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Both anthropogenic and natural activities are sources of mercury
(Hg) to the atmosphere. Once emitted into the atmosphere, Hg can
be transported a considerable distance and transformed by complex
physical and chemical processes. Hg is eventually deposited to the
oceans, soils, and lakes, where it may be converted to a more toxic
form (e.g. methylmercury), which is bioaccumulated in the aquatic
food chain. Generally, industrial and urban areas have high anthro-
pogenic emissions of Hg and are regarded as Hg output areas
(Dvonch et al., 1999; Landis and Keeler, 2002; Landis et al., 2004). On
the other hand, most remote terrestrial ecosystems, which have
much lower Hg emissions and are exposed to great loading of long-
range transport Hg from polluted areas, are sinks of atmospheric Hg
and have a problem of Hg accumulation (Porvari and verta, 2003;
Galloway and Branfireun, 2004; Bushey et al., 2008; Larssen et al.,
2008; Selvendiran et al., 2008; Feng et al., 2009a,b).

Wet and dry depositions of atmospheric Hg are important sour-
ces of Hg to most terrestrial ecosystems. There are three most
important species of Hg in the atmosphere, known as gaseous
elemental mercury (GEM), reactive gaseous mercury (RGM), and
: þ86 851 5891609. .
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particulate mercury (PHg). Wet deposition results from uptake of
RGM and precipitation scavenging of PHg by cloud-droplet (Lindberg
et al., 2007), while dry deposition refers to direct depositions of
these Hg species to soil, water bodies, and vegetations. In contrast to
wet deposition, dry deposition of Hg is difficult to be scaled because
of the lack of accurate measurements. In recent years, however, the
contribution of dry deposition to the global pool of atmospheric Hg is
increasing recognized. One of the most important reasons is the
discoveries of the enhancement of dry deposition in canopy covered
areas (Lindberg and Stratton, 1998; St. Louis et al., 2001; Poissant
et al., 2004).

The forest ecosystem, which covers nearly 1/3 of the Earth’s
terrestrial surface, is very important in the global biogeochemical
cycle of Hg and deserves further study to improve our under-
standing of Hg dynamics. In general, forest tends to be sinks of
atmospheric Hg. This is because vegetation could enhance dry
deposition of Hg. Previous studies reported that RGM, PHg and
GEM have high deposition velocities to vegetations (Lindberg and
Stratton, 1998; Poissant et al., 2004, 2008). Dry deposition of Hg
to forest canopy followed by throughfall and litterfall is an addi-
tional source of Hg to forest (St. Louis et al., 2001; Rea et al., 2001).
On the other hand, vegetation cover could significantly inhibit Hg
emission flux from forest soils due to shading of solar radiation,
which is crucial in soil/air Hg exchange flux (Coolbaugh et al., 2002;
Wang et al., 2007). The addition of Hg to forest system could result
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in a series of potential impacts on the biogeochemical cycle of Hg in
forest and downstream watersheds. Hg stored in the forest soil may
act as a source of both total mercury (THg) and methylmercury
(MeHg) to watersheds via mobilization and surface runoff (Munthe
et al., 2001). Methylation of Hg in forest soil and decomposed
litterfall has also been reported in some forest ecosystem, which
has resulted in elevated MeHg concentrations in stream water
(Munthe et al., 2001; Hall and St.Louis, 2004; Balogh et al., 2003).

Atmospheric Hg emissions in China are predicted to increase
due to fast economic development (Wu et al., 2007). The great
anthropogenic emissions have resulted in elevated atmospheric Hg
concentrations and depositions in industrial and urban areas
(Liu et al., 2002; Feng et al., 2004; Fang et al., 2004), and had the
potential to cause Hg pollution in surrounding areas and even
remote areas of China via long-range atmospheric transport (Wang
et al., 2008; Larssen, 2009). Our previous studies demonstrated that
atmospheric TGM (GEM þ RGM) concentrations were significantly
elevated in Mt. Gongga area even at sites far from human activities
due to regional industrial and coal combustion emissions. (Fig. 1, Fu
et al., 2008a, 2009). In this paper, we present a study on the inputs
and outputs of Hg in an upland forest located in the Mt. Gongga
area. From May 2005 to April 2007, we undertook comprehensive
field measurements on the distribution of THg and MeHg (MeHg:
only in precipitation and throughfall) in precipitation, throughfall,
vegetation leaves. By doing this, a preliminary estimation of wet
and dry deposition of Hg to this area was calculated. Besides,
investigations on output of Hg from the catchment via stream
output and emission to the atmosphere were also carried out.

2. Experiments

2.1. Study area

The study area was located in an upland forest catchment at
Hailuogou National Forest Park (HNFP, 151.9 km2) on the eastern
slope of Mt. Gongga. Mt. Gongga is situated on the quaternary
sections of the eastern Qinghai-Tibet Plateau and its transit zone to
the Sichuan Province. It is the highest mountain in Sichuan Province
Fig. 1. Map showing (A) Locations of sampling sites, (B) wind rose of annual TGM concentr
Mt. Gongga area in November 2006.
of southwest China, with the summit of 7556 m above sea level. The
HNFP belongs to the subtropics monsoon climate region, with
distinct rainy (May to October) and dry (November to April) seasons.
Vertical geoecological zonations are well defined in this area, with
distinctive climate, vegetation, and soil distributions at different
elevations. Mean annual precipitation and humidity generally
increases with elevation, while temperature and evaporation
decrease. The HNFP is an area with high biodiversity, and an intact
and continuous vertical vegetation spectrum from the evergreen
broad leaf forest to alpine meadow. Soil types are generally associ-
ated with the vegetation spectrum, and yellow brown soil, brown
earth, podzolic soil, and alpine meadow soil can be observed grad-
ually with increasing elevation.

2.2. Precipitation and throughfall

Precipitation samples were collected at an open-air site near
a meteorological station, which belongs to the Gongga Mountain
Alpine Ecosystem station of the Chinese Academy of Science
(3000 m a.s.l.). Throughfall samples were collected at two sites. One
site was located in an Emei fir forest, and the other was located in
a broad leaf Cuculidae forest. The two sites were located within
200 m from the precipitation sampling site. The sampling campaign
for precipitation was from May 2005 to April 20 007, and the
sampling campaigns for the two throughfall sampling sites were in
May 2005–April 2006 and May 2006–April 2007, respectively
(Table 1). Precipitation and throughfall samples were collected by
using a bulk precipitation collector with an acid-washed borosilicate
glass bottle and a borosilicate glass wide-mouthed (15 cm in diam-
eter) jar supported in a PVC housing system (developed from Oslo
and Paris Commission, 1998). Precipitation and throughfall
samples were both collected weekly during rainy season (April to
October). However, during the winter period (November to March),
no throughfall samples were collected because of snowfall. In the
winter, bulk snow samples were collected monthly by scooping up
the upper layer of snow from an open-air site. Landis and Keeler
(1997) found that the volume-weighted averages for wet-only
events and bulk samples were comparable in a rural site in Dexter
ations at Moxi baseline station and (C) regional distribution of TGM concentrations in



Table 1
Time schedule of the field campaigns.

Sampling Start time End time

Precipitation May 2005 April 2007
Throughfall Emei fir forest May 2005 April 2006

Broad leaf Cuculidae forest May 2006 April 2007
Vegetation leaves Aug 22, 2006 Aug 24, 2006
Soil/air Hg flux Aug 17, 2006 Sep 1, 2006
Glacier melt water and stream water Jul 16, 2006 Jul 19, 2006
Soil profile Sep 10, 2006 Sep 11, 2006
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of east USA. In the study area (Fu et al., 2008b), however, the PHg
concentrations (mean: 30.7 pg m�3) were slightly higher and RGM
concentrations (mean: 6.2 pg m�3) were comparable to rural sites in
North America (Valente et al., 2007, and references therein). Hence,
our bulk sampling method might slightly overestimate precipitation
and throughfall Hg concentrations.

The collected rain samples were transported in rigorously acid-
cleaned Teflon bottles (250 ml) and preserved by adding trace-
metal grade HCl (to 5& of total sample volume). All Teflon
bottles were cleaned with detergent, thoroughly rinsed with tap
water, boiled in a 30% HNO3 solution (v/v) for 1.5 h and rinsed and
filled with Milli-Q water. During all sampling, polyethylene gloves
were employed. Teflon bottles with samples were individually
sealed into three successive polyethylene bags and rapidly brought
to the laboratory and stored in a refrigerator until analysis. Rainfall
was measured in the nearby meteorological station. The throughfall
depth was measured by using a graduated cylinder as soon as
possible after precipitation events.
2.3. Vegetation leaves

Fresh and intact leaves were sampled at five locations in HNFP in
late August 2006 (Table 1). Elevations of the five sampling sites F1,
F2, F3, F4, and F5 were 2650, 2800, 3000, 3200, and 3580 m above
sea level, respectively (Fig. 1). At each location, six main types of
vegetation, including Grossulariaceae, Maple, Mountain ash, Emei
Fir, Broad leaf Cuculidae, and woolly foliage Cuculidae were
collected. To obtain representative samples at the sampling sites,
three individuals of each type of vegetation were sampled. Leaves
were collected from branches by selecting fully developed undam-
aged leaves, which were stored in brown paper bags, and air-dried in
a clean environment in the laboratory until analysis.
2.4. Evasion flux of Hg from soil

Evasion fluxes of Hg from forest soil were determined by using
a coupling method of dynamic flux chamber and automated air Hg
analyzer (Tekran 2537A). Hg flux over the soil surface enclosed by
the chamber was calculated according to the following equation:

F ¼ ðCo � CiÞ � Q=A (1)

where F is the TGM flux in ng m�2 h�1; Co and Ci are the TGM
concentrations of the outlet and inlet air stream in ng m�3; A is the
surface area enclosed by the chamber in m2 (0.06 m2); and Q is the
flushing flow rate through the chamber in m3 h�1 (0.6 m3 h�1). TGM
concentrations were measured twice in the ambient air entering the
inlet of the chamber and twice in the air exiting through outlet of the
chamber using an automated air Hg analyzer (Tekran 2537A) with
a 5 min sampling interval. Switching from the inlet to the outlet of
the chamber every 10 min was achieved by using a magnetic 3-way
valve (Tekran 1110). Another mass flow controller combined with the
second magnetic 3-way valve, which was synchronous with the first
one, was employed to compensate flow rate decrease when the
Tekran was sampling air from the inlet of the chamber. A high
flushing flow rate of 10 L min�1 (0.6 m�3 h�1) was adopted to
prevent the possibility of underestimating Hg flux at low flushing
flow rates (Gillis and Miller, 2000; Zhang et al., 2002; Lindberg et al.,
2002). Blanks of the flux sampling system were routinely measured
by placing the chamber on a Quartz glass surface and fell in the range
of 0.06–0.13 ng m�2 h�1, the blanks were small and we did not make
blank correction for measured fluxes.

Hg flux measurements were monitored at three sampling sites
in the upland forest in HNFP during Aug 17 and Sep 1 in 2006 (Fu
et al., 2008c). The three sampling sites were located in evergreen
broadleaved forest (1650 m, yellow brown earth), coniferous and
deciduous broadleaved mixed forest (2140 m, brown earth), and
dark coniferous forest (3050 m, dark brown soil), respectively
(Fig. 1). During each sampling campaign, air/soil Hg exchange fluxes
were measured continuously for more than 24 h to obtain diurnal
patterns.

2.5. Glacier melt water and stream water

The Hailuogou River is the main output channel with tributary
streams in the HNFP originating from glacier melt water. Glacier
melt water and stream water samples were collected from 23
sampling sites as shown in Fig. 1 from 16 to 19 July 2006. Water
samples were colleted in rigorously pre-cleaned 250 ml Teflon
bottles. For sample collection, bottles were rinsed three times with
the water samples before being filled. Samples were not filtered and
thus represent the stream load of total Hg. The water samples were
immediately acidified by adding trace-metal grade HCl (to 5& of
total sample volume). During all sampling, polyethylene gloves were
worn. Teflon bottles with samples were individually sealed into
three successive polyethylene bags. All water samples were stored at
4 �C in a refrigerator immediately after being transported to the
laboratory.

2.6. Soil profile

The main soil types in the study area are yellow brown earth,
brown earth, dark brown soil, and alpine meadow soil, which are
distributed continuously from lower altitude to high altitude. Five
soil profiles were chosen in the study area along the Hailuogou
Valley as shown in Fig. 1. P1 (4200 m a.s.l.) was located in an alpine
meadow zone with soil type of alpine meadow soil. P2 (3500 m
a.s.l.) was located in dark coniferous forest with brown earth. P3
(3000 m a.s.l.) was located in coniferous and broad-leaf mixed
forest with dark brown soil. P4 (2700 m a.s.l.) and P5 (2600 m a.s.l.)
were located in warm-temperate, mixed coniferous and broad leaf
forest with brown soil. Top soil samples as well as soil samples at 4,
8, 12, 16, and 20 cm in depth were collected, respectively. Soil
samples were collected in polyethylene bags using polyethylene
gloves and air-dried in a clean environment in the laboratory until
analysis.

2.7. Analytical methods

Total Hg concentration in water samples was analyzed using
BrCl oxidation and SnCl2 reduction coupled with CVAFS detection
(US EPA, 1999). MeHg concentration in water samples was analyzed
via distillation, aqueous ethylation, purge and trap, and detected by
CVAFS (US EPA, 2001). For THg analysis in soil and leaf tissue
samples, 0.1–0.2 g dry sample were digested in a water bath at
95 �C, with BrCl and mixed acid of HCl/H2SO4 (3 : 1 in volume)and
HNO3/H2SO4 (8 : 2 in volume), respectively. Mercury concentration
in digested solution was then analyzed via reduction, purge and
trap, and CVAFS (US EPA, 2001).
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Fig. 2. Monthly volume-weighted mean concentrations of THg and MeHg and depo-
sition fluxes of precipitation in the upland forest of HNFP from May 2005 to April 2007.
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Total organic Carbon (TOC) content in forest soil was estimated
by using the sequential loss on ignition (LOI) (Heiri et al., 2001;
De Vos et al., 2005; Westman et al., 2006). An air-dried soil
sample (WS) was dried at 105 �C for about 12–24 h to obtain the dry
weight of the samples (DW105). The heated dry sample was then
burned at 550 �C for 4 h and the weight of the sample after heating
at 550 �C was DW550. Thus, LOI550 was calculated according to the
following equation:

LOI550 ¼ 100ðDW105 � DW550Þ=WS (2)

Quality assurance and quality control of the analytical processes
were addressed with method blanks, field blanks, blind duplicates,
matrix spikes, and certified reference materials. Filed blanks and
duplicates were collected regularly throughout each sampling
campaign (w10% of samples). Detection limits were based on three
times the standard deviations of blank measurements. Field blank
levels for THg and MeHg in water samples were 0.5 ng L�1 and
0.03 ng L�1, respectively. The method detection limits for THg and
MeHg in water samples and THg in soil and leaf tissue were
0.02 ng L�1, 0.01 ng L�1, 0.01 mg kg�1, and 0.006 mg kg�1, respec-
tively. Precision was determined by relative standard deviations
(RSDs) for duplicate samples, which were 6% for THg analysis in
water samples, 5.4% for MeHg analysis in water samples, 8% for THg
analysis in soil samples, and 3.9% for THg analysis in leaf tissues.
Recoveries on matrix spikes of MeHg in water samples were in the
range of 87–110%. The measured THg concentrations in certified
reference soil (GWB07405) and vegetation (Rice, GWB10010) were
finally averaged to be 0.27 mg g�1 and 5.8 ng g�1, respectively, which
were comparable to the certified values of 0.29 mg g�1 and 5.3 ng g�1,
respectively.
Table 2
Hg concentrations and annual mean Hg deposition fluxes in precipitation and
throughfall in HNFP from May 2005 to April 2007.

Rainfall
(mm)

Volume-weighted
mean concentration

Annual mean
deposition flux

THg
(ng L�1)

MeHg
(ng L�1)

THg
(mg m�2)

MeHg
(mg m�2)

Precipitation 1818 14.3 � 7.7 0.16 � 0.08 26.1 0.30
Throughfall

(Emei fir forest)
1550 36.8 � 9.2 0.36 � 0.14 57.6 0.54

Throughfall
(broad leaf
Cuculidae forest)

1294 43.6 � 12.5 0.24 � 0.05 56.5 0.31
3. Result and discussion

3.1. Concentrations and deposition fluxes of precipitation and
throughfall

Monthly volume-weighted mean concentrations of THg and
MeHg in precipitation and deposition fluxes are presented in Fig. 2.
We obtained a continuous data set of MeHg concentrations from June
2005 to October 2006. For other months, analysis of MeHg in
precipitation was not available because of the lack of samples.
Generally, no consistent seasonal variation of THg and MeHg
concentrations was observed during the two years of sampling. The
highest THg concentration was observed in the winter of 2006, while
the highest concentration of MeHg was observed in the winter of
2005.

Hg concentrations and estimated Hg deposition fluxes for
precipitation and throughfall are presented in Table 2. THg concen-
trations in precipitation varied from 6.9 to 46.3 ng L�1 and had an
overall volume-weighted mean concentration of 14.3 ng L�1 during
the whole sampling campaign. Concentrations of MeHg in precipi-
tation ranged from 0.05 to 0.39 ng L�l, and the overall volume-
weighted MeHg concentration was 0.16 ng L�l. Generally, the MeHg
concentration in precipitation was 1.1% of THg, which was compa-
rable to results from Europe and North America (St. Louis et al., 2001;
Hall et al., 2005; Lindberg et al., 2007).

Monthly variations of THg and MeHg concentrations and depo-
sition fluxes in throughfall in the two forests are shown in Fig. 3.
Volume-weighted mean THg concentrations in the throughfall of
Emei fir and broad leaf Cuculidae forests were 37.0 ng L�l (monthly
means varied from 18.3 to 49.2 ng L�l) and 43.6 ng L–l (monthly
means varied from 24.4 to 62.0 ng L–l), respectively. Volume-
weighted mean MeHg concentrations were 0.35 ng L–l (monthly
means ranged from 0.20 to 0.51 ng L–l) and 0.21 ng L–l (monthly
means varied from 0.18 to 0.32 ng L–l), respectively. Differences inTHg
and MeHg concentrations between precipitation and throughfall
were statistically significant (Emir fir forest: pTHg ¼ 0.001,
pMeHg ¼ 0.013; Broad leaf Cuculidae forests: pTHg ¼ 0.002,
pMeHg ¼ 0.037). The elevated THg and MeHg concentrations in
throughfall samples were probable attributed to the wash-off of Hg
previously deposited to vegetation leaves.

Generally, volume-weighed mean THg and MeHg concentrations
in precipitation and throughfall in the HNFP were much lower
compared to some polluted sites in China, such as: Wujiang River
Basin, Guizhou province (precipitation: THg: 36.0 ng L–l; MeHg:
0.18 ng L–l, Guo et al., 2008); Leigongshan, Guizhou province
(precipitation: THg: 19.5 ng L–l; throughfall: THg: 54.2 ng L–l, Wang
et al., 2008), Tieshanping, Chongqing city (precipitation: THg:
55.3 ng L–l; throughfall: THg: 98.9 ng L–l, Wang et al., 2008). This is
mainly because the study area was relatively isolated from direct
anthropogenic Hg emissions. However, the volume-weighed mean
THg and MeHg concentrations in precipitation and throughfall in the
study area were much higher (w1.5–2 folders higher) than those
observed in remote areas of North America and Europe, which were
generally less than 10 ng L�1 for precipitation and less than 30 ng L�1

for throughfall (St. Louis et al., 2001; Keeler et al., 2005; Choi et al.,
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Fig. 3. Monthly volume-weighted mean concentrations of THg and MeHg and deposition fluxes of throughfall in Emei fir forest and Broad leaf Cuculidae forest in the upland forest
of HNFP from May 2005 to April 2007.
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2008; Graydon et al., 2009; Lindberg et al., 2007; US National
atmospheric depostion program, 2007).

Levels of atmospheric Hg, especially PHg and RGM, play the
most important role in regulating atmospheric Hg depositions
(Lindberg et al., 2007; Lee et al., 2001; Seigneur et al., 2003). The
study area was heavily impacted by industrial emission of Hg.
According to our previous studies, nor-ferrous smelting activities in
Shimian city which is located about 60 km from our sampling site
were the main sources of atmospheric Hg in Mt. Gongga area,
which released nearly 8 tons of Hg to the atmosphere annually
(Fu et al., 2008a). This source together with coal combustion
resulted in elevated TGM (annual mean: 3.98 ng m�3) and PHg
(annual mean: 30.7 pg m�3) concentrations in the study area at
a relatively lower elevation site (Moxi regional baseline station, in
Fig. 1, Fu et al., 2008a). During daytime, upslope valley breeze that
brought Hg polluted air from the industrial and urban areas was the
predominant source of Hg in the study area. As seen from Fig. 1,
TGM concentrations in the study area during cold season were
highly elevated (4.6–7.8 ng m�3) and showed a clear increase from
rural sites to residential areas and industrial area (Fu et al., 2009),
indicating loading of atmospheric Hg from industrial and urban
areas to the sampling site. Hence, it is speculated that cloud-droplet
uptake of Hg in regional atmosphere, precipitation scavenging and
foliar uptake of RGM and PHg that directly delivered to the
sampling sites from industrial and urban areas or transformed from
Hg0 by oxidation contributed significantly to the elevated precipi-
tation and throughfall THg concentrations in the study area.

Deposition fluxes of THg and MeHg in precipitation and
throughfall were estimated using the volume-weighed mean
concentrations and the annual rainfall (Table 2). Average deposition
fluxes of THg and MeHg in precipitation were 26.1 mg m�2 yr�1 and
0.30 mg m�2 yr�1, respectively. Due to the high concentrations of
THg in throughfall, deposition fluxes of THg in throughfall in the
two upland forests were highly elevated compared to precipitation.
The throughfall deposition fluxes of THg in the Emei fir and broad
leaf Cuculidae forests were 57.6 and 56.4 mg m�2 yr�1, respectively.
Deposition fluxes of MeHg in throughfall in the Emei fir forest and
broad leaf Cuculidae forests were 0.54 and 0.31 mg m�2 yr�1,
respectively. Throughfall flux of MeHg in the broad leaf Cuculidae
forest was comparable to the precipitation flux, and this was
because the rainfall depth of precipitation was much higher than
that in throughfall (Table 2).

Precipitation and throughfall fluxes of THg in the study area were
lower compared to those reported from a few sites in Guizhou,
southwestern China (Feng et al., 2009a; Guo et al., 2008; Wang et al.,
2008), but were about 2–10 time higher compared to those
observed from remote areas in North America and Europe (Precip-
itation: 3.1–11.6 mg m�2 yr�1, throughfall: 4.5–15.8 mg m�2 yr�1, St.
Louis et al., 2001; Porvari and Verta, 2003; Keeler et al., 2005; US
National atmospheric depostion program, 2007; Choi et al., 2008;
Graydon et al., 2009). As discussed above, great regional emissions
of Hg from industrial activities and coal combustion might be
responsible for the great loading of Hg to the upland forest.

The THg fluxes in throughfall were more than two times higher
than precipitation, and the net throughfall fluxes (throughfall flux –
precipitation flux) in the Emei fir and broad leaf Cuculidae forest
were 31.5 and 30.3 mg m�2 yr�1, respectively. The net throughfall
fluxes of THg in the study area were much higher than those
observed from remote forest catchments in North America and
Europe (Munthe et al., 1995; St. Louis et al., 2001; Choi et al., 2008;
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Graydon et al., 2009). The elevated net throughfall fluxes of THg
indicated that the dry depositions of atmospheric PHg and RGM to
the upland forest of HNFP were very high, and this was probably
attributed to the contamination of Hg in the regional ambient air
due to anthropogenic emissions.
3.2. THg in fresh vegetation leaves and estimation of litterfall
deposition flux

THg concentrations in fresh leaves showed a significant variation
among vegetation species in the HNFP (p¼ 0.002) (Fig. 4), including
Grossulariaceae (36.1 � 11.2 ng g�1), Maple (34.5 � 34.5 ng g�1),
Mountain ash (32.4� 6.6 ng g�1), Emei Fir (26.6� 5.1 ng g�1), Broad
leaf Cuculidae (24.2 � 9.6 ng g�1), woolly foliage Cuculidae
(12.2 � 2.9 ng g�1), which were listed in descending order. Besides,
THg concentrations in leaf tissue showed a clear difference with
elevation variation (Table 3, p ¼ 0.009) with higher concentrations
at the relatively lower elevation sampling sites (Table 3). Previous
study by Stamenkovic and Gustin (2009) suggested that uptake of
Hg by foliage via stomatal and nonstomatal pathways could be
enhanced by elevated atmospheric Hg concentrations. In this study,
atmospheric TGM concentrations showed a similar spatial trend
with foliar Hg concentrations (Fig. 1), suggesting it might be
partially responsible for the variation in foliar Hg concentrations
with elevation. However, some other factors such as vegetation
types related to elevations may also correspond to variation of foliar
THg concentrations at different elevations.

Numerous studies have demonstrated that uptake of atmo-
spheric Hg followed by litterfall is an important source of Hg in
forest system. Here, we made a crude estimation of litterfall
Table 3
THg concentrations in vegetation leaves and litterfall deposition flux of THg in the uplan

Site Altitude
(m a.s.l)

THg concentration
(ng g�1)

Weighted mean
Concentrationa (ng g�1)

Annu
(Luo

F1 3580 23.0 � 10.2 19.3 469
F2 3200 25.0 � 7.7 21.4 1293
F3 3000 27.6 � 10.9 26.0 1133
F4 2800 32.1 � 11.9 25.8 1007
F5 2650 29.7 � 12.6 26.6 985

Total mean 27.5 � 3.6 23.8 � 3.3 9.8 �
a Weighted mean concentration ¼

Pi¼6
i¼1ðCi � PiÞ, where Ci is the mean THg concentrat

species in forest.
deposition of Hg. Previous studies found that THg concentration in
leaf is accumulated continuously over time (Rea et al., 2004; Bushey
et al., 2008; Poissant et al., 2008; Selvendiran et al., 2008). Bushey
et al. (2008) and Poissant et al. (2008) found that THg concentra-
tion in leaves was linearly correlated with time during the gowning
season. Generally, the growing season in this area was from the
middle of April to the middle of October (6 months), and the
sampling period of leaves in this study was in the late August 2006
(Table 1). Assuming THg concentrations in leaves accumulated
linearly over the growing season, we approximately estimated lit-
terfall THg concentrations in the study area by multiplying the
measured leaves THg concentrations by a factor of 1.5 (Table 3).
Litter mass deposition fluxes in the study area were comprehen-
sively investigated by Luo et al. (2000) and shown in Table 3. The
estimated litterfall Hg deposition fluxes are shown in Table 3. In
total, the mean THg deposition flux of litterfall in the HNFP was
estimated to be 35.5 mg m�2 yr�1, which is higher than those
reported in forest ecosystems from Ontario, Canada (St. Louis et al.,
2001), Michigan, USA (Rea et al., 2001), New York state, USA (Bushey
et al., 2008). However, it should be pointed that our estimations
have many uncertainties and might be a qualitative assessment.
First, there might be inter-annual variability in litter mass deposi-
tion fluxes. Besides, litterfall Hg concentrations were probably over
or under-estimate because accumulation of Hg in vegetations with
time could be more complicated and different vegetation species
also have distinct characteristics in their growth.
3.3. Hg evasion from forest soil

A clear diurnal pattern of Hg fluxes was obtained from all sites as
shown in Fig. 5, with the maximum Hg fluxes observed in the after-
noon and minimum Hg fluxes observed during the nighttime. Overall,
net evasions were observed from all sampling sites, and only two data
sets out of 296 data sets were observed with Hg deposition (Fig. 5).
Average fluxes of Hg at sites A, B, and C were 9.3 � 4.3 ng m�2 h�1,
7.7 � 3.4 ng m�2 h�1, and 2.9 � 2.0 ng m�2 h�1, respectively. Soil Hg
fluxes in HNFP during the warm season were comparable with Hg
fluxes in the forest of Chongqing city, China (Wang et al., 2006), but
they were elevated compared to Hg fluxes reported from North
America and Europe, such as northern Sierra Nevada Mountains in
California (0.3� 0.1 ng m�2 h�1, Ericksen et al., 2006), Tahquamenon
River watershed in the Michigan Upper Peninsula (0.2–
2.4 ng m�2 h�1, Zhang et al., 2001), and Kejimkujik National Park,
Nova Scotia (�0.8–3.5 ng m�2 h�1, Boudala et al., 2000).

Emission of Hg from soil is an important pathway for Hg losses
from landscapes. However, it is still difficult to accurately quantify
the magnitude of the emission of Hg from the study area because
soil/air exchange flux of Hg was controlled by multiple interacting
factors including substrate Hg content and physical-chemical
factors (soil temperature and moisture, soil porosity, soil organic
matter etc.), surface characteristics (e.g. bare or vegetation cover),
d forest of HNFP.

al litter mass (g m�2)
et al., 2000)

Estimated litterfall THg
concentration (ng g�1)

THg flux (mg m�2 yr�1)

29.0 13.6
32.1 41.4
39.0 44.1
38.7 39.1
39.9 39.5

3.1 35.7 35.5

ion in foliage of each vegetation species, and Pi is the percentage of each vegetation
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and meteorological parameters (e.g. solar radiation, air tempera-
ture) (Schroeder et al., 2005; Hartman et al., 2009). Here, a simple
attempt is made to estimate the emission of Hg from forest soil
using an empirical model developed from our measurements in
warm season. As depicted in Fig. 6, a significant relationship
between Hg emission flux and air temperature was observed, and
this agrees very well with the study in the forest floor of the
Adirondacks (Choi and Holsen, 2009). Since air temperature could
be easily determined and evenly distributed in the study area, it
was used to predict the soil emission of Hg in the study area. The
earth’s surface was often covered by snow during December and
March. According to the study by Schroeder et al. (2005), Hg
emission from snow covered surface was extremely low. Therefore,
we assumed surface emission of Hg during December and March to
be zero. For other months, the average air temperature was
w12.0 �C (mean of air temperatures at two meteorological stations
located at the elevations of 1640 and 3000 m a.s.l.). Hence, the
annual averaged surface emission flux of Hg was calculated to be
1.6 ng m�2 h�1, and this yielded a annual total net Hg emission flux
of 14.0 mg m�2 yr�1.
-3
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1
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Fig. 6. Arrhenius relationship between Hg flux and air temperature at all the sampling
sites.
3.4. Glacier melt water and stream water

Variation of un-filtered THg concentrations in glacier melt water
and steam water in the HNFP is shown in Fig. 7. THg concentrations
varied between 1.9 and 5.7 ng L�1, with an overall average concen-
tration of 3.5� 0.9 ng L�1. The melting of the glacier at the top of Mt.
Gongga area was the major water source of the stream. Samples No 1
to 6 were collected from glacier melt water, and THg concentrations
of these samples ranged from 1.9 to 4.1 ng L�1 (mean: 3.19 ng L�1).
The glacier melt water THg concentrations were significantly higher
than those reported from Antarctica (0.44–1.90 ng L�1, Vandal et al.,
1998; Lyons et al., 1999), which was probable attributed to the great
atmospheric Hg depositions. Besides, soil erosion and runoff were
also additional sources to stream water. THg concentrations in
stream water (3.60 ng L�1) were slightly higher compared to glacier
melt water, which was probably derived from soil erosion and runoff
during stream transport.
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3.5. Input–output budget of THg in the HNFP

Input of THg to the upland forest of HNFP included wet (precipi-
tation) and dry (net throughfall þ litterfall) depositions (St. Louis
et al., 2001; Graydon et al., 2006, 2009). Annual wet and dry depo-
sition fluxes of THg in HNFP were 26.1 and 66.4 mg m�2 yr�1,
respectively. Assuming the area of HNFP was 151.9 km2, the annual
wet and dry deposition fluxes of THg were approximately 4.0 and
10.1 kg yr�1, respectively, with a total mass flux of 14.1 kg yr�1. Stream
outflow and soil volatilization were the two major mechanisms for
THg losses in the study area. Steam outflow of THg was estimated by
multiplying the mean THg concentration in stream water (3.6 ng L�1)
and water discharge rate in the HNFP (annual water discharge:
3.72 � 108 m3, Lv and Wang, 2008). The export mass flux of THg via
stream was 1.3 kg yr�1 (outflow flux: 8.6 mg m�2 yr�1). Soil volatili-
zation of Hg was calculated to be 2.1 kg yr�1 by multiplying the
annual mean emission flux (14.0 mg m�2 yr�1) and land area
(151.9 km2).

Input–output budget of THg in the study area and other study
areas from literature are presented in Table 4. The study area was
a net sink of THg, and the annual retention flux of THg reached
69.9 mg m�2 yr�1. Dry deposition is the major pathway for THg
loading to the upland forest, which was about 72% of the total
inputs. On the other hand, evasion of Hg from forest soil played
a more important role in THg outputs compared to stream outflow.
By comparison, the annual loading of THg to HNFP was slightly
higher than LGS and much lower than TSP in southwest China, but
it was higher compared to some forest catchments in Europe and
North America (Table 4). It should be pointed out that the models in
Europe and North America did not estimate the THg losses via
Table 4
Annual input and output flux of THg in the study area and literatures.

Location Input (mg m�2 yr�1) Output

Wet deposition
(of total input)

Dry deposition
(of total input)

Total Evasion
(of tota

HNFP, southwest China 26.1 (28.2%) 66.4 (71.8%) 92.5 14.0 (6
LGS, south China 24.1 (20.1%) 95.4 (79.9%) 119.5 67.4 (9
TSP, southwest China 45.2 (15.5%) 246 (84.5%) 291.2 73.6 (9
Lehstenbach, Germany w35 (64.8%) w19 (35.2%) w54 –
Steinkreuz, Germany 28 (45.2%) 34 (54.8%) 62 –
Svartberget, Sweden 7 (21.2%) 26 (78.8%) 33 –
Gårdsj}on, Sweden 10 (27.8%) 36 (72.2%) 36 –
Champlain, USA 8.4 (18.9) 36 (81.1%) 44.4 –
evasions, and therefore it is expected the elevated loading of THg to
the HNFP compared to Europe and North America should be more
pronounced. Since atmospheric Hg distributions in HNFP indicated
impacts of heavy regional Hg emissions from industrial and urban
areas (Fu et al., 2008a, 2009), we suppose anthropogenic emissions
played important role in elevated loading of Hg to HNFP.

3.6. Distribution of THg in soil profiles

Total Hg and TOC content in the five soil profiles in the upland
forest of HNFP are shown in Fig. 8. Aside from site P1 located in the
alpine meadow (4200 m a.s.l.), THg concentrations in the study area
showed a clear depth variation with relatively higher levels in the
upper layers and lower levels in relatively deep layers (p¼ 0.021). It
is discovered that the trend of THg concentrations in soil profile
was highly correlated to soil TOC content (r2 were 0.89, 0.90, 0.41,
and 0.80 at P2, P3, P4, and P5, respectively.). This trend is in a good
agreement with that observed in a national park of Minnesota
(Wiener et al., 2006). As suggested by Wiener et al. (2006), highly
elevated THg in forest surface soil was mostly likely attributed to
atmospheric depositions via litterfall and throughfall, whereas the
contribution from geological sources was very limited. However, P1
did not show a similar depth variation in THg concentrations and
the surface soil concentration of THg at P1 was much lower than
other sites. This indicates the enhancement of dry deposition of Hg
to forest canopy followed by litterfall and throughfall.

Total Hg concentrations in topsoil in the forest of HNFP ranged
from 0.12 to 0.26 mg kg�1, which was comparable to results
reported from other forest sites in China (Wang et al., 2006, 2008;
Feng et al., 2006), but higher compared to those measured in forest
soil in North America and Europe (e.g. St. Louis et al., 2001; Larssen
et al., 2008; Biswas et al., 2008), and this is in a good agreement
with the elevated loading of THg in the study area (Sect. 3.5).

Previous field and modeling studies have also found significant
inputs of Hg to forest ecosystems and accumulation of Hg in forest
soil (St. Louis et al., 2001; Selvendiran et al., 2008). In this study
area, outflow of Hg via stream outflow and soil volatilization
constituted a small portion of Hg budget in the study area. There-
fore, there was very little loss of Hg from the forest soil and the
accumulation of Hg in soil would be strengthened with time.
However, the storage of mercury in forest soil could be re-emitted,
and therefore represents an important risk. Organic carbon has
a high affinity to Hg in soil, but the Hg bonded organic carbon
would probably be released to the environment as the decompo-
sition of organic matter occurs. Studies on climate change research
have suggested that the increase of air temperature could accel-
erate the decomposition of organic carbon (Schimel et al., 1994),
and therefore global warming could probably result in enhance-
ment of Hg emission from soil (Obrist, 2007). In this study, we
found the exchange flux of Hg between soil and atmosphere was
(mg m-2 yr-1) Sink
(mg m�2 yr�1)

Reference

l output)
Runoff
(of total output)

Total

1.9%) 8.6 (38.1) 22.6 69.9 This study
5.7%) 3.0 (4.3%) 70.4 49.1 Wang et al., 2008
5.5%) 3.5 (4.5%) 77.1 214

8 8 46 Schwesig and
Matzner, 20003 3 59

1.6 – Lee et al., 2000
1.8 –
2.7 2.7 41.7 Scherbatakoy

et al., 1998
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positively correlated with air temperature. Using the relationship
established in Fig. 6, it is approximately estimated that the Hg
emission flux could increase 2.7 mg m�2 yr�1 as the air temperature
increases 1 �C.
4. Conclusions

Measurements of THg and MeHg depositions in precipitation
and throughfall were carried out at an upland forest catchment in
Hailuogou National Forest Park, southwest China from May 2005 to
April 2007. Soil emission flux of Hg and distributions of THg in
vegetation leaves, soil profiles and stream water were also inves-
tigated. Annual volume-weighted mean THg concentrations in
precipitation, Emei fir forest throughfall and broad leaf Cuculidae
forest throughfall were 14.3, 36.8 and 43.6 ng L�1, respectively; and
volume-weighted mean MeHg concentrations in precipitation and
Emei fir forest throughfall and broad leaf Cuculidae forest
throughfall were 0.16, 0.36 and 0.24 ng L�1, respectively.

Input–output budget of THg elucidates that the upland forest in
southwest China was a great sink of atmospheric Hg. The annual
net input flux of THg reached 69.9 mg m�2 yr�1. Dry deposition of Hg
was the major pathway for Hg loading to the forest catchment,
constituted about 71.8% of total input (92.5 mg m�2 yr�1). Annual
output of THg was 22.6 mg m�2 yr�1, with 61.9% originating from
soil evasion and 38.1% from stream outflow. The pool of THg in
HNFP was much higher compared to remote forest catchments in
Europe and North America, which was probably impacted by
regional Hg emissions from industrial and urban areas.
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