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Abstract

Wuchuan Hg mine, located in the Circum-Pacific Global Mercuriferous Belt, is one of the important Hg production centers
in Guizhou province, China. Soil Hg concentrations in this area are elevated by 2—4 orders of magnitude compared to the
national background value in soil which is 0.038 pgg™". In situ air Hg concentrations and air/soil Hg fluxes were measured at
five sampling sites in Wuchuan Hg mining area (WMMA) from 19 to 26 December 2003 and from 18 to 25 December 2004.
The results showed that air Hg concentrations were 2—4 orders of magnitude higher than those observed in background areas in
Europe and North America due to a large amount of Hg emission from artisanal Hg smelting activities. The average in situ Hg
fluxes at site Laohugou, Jiaoyan, Luoxi, Sankeng and Huanglong were —5493, 124, —924, —13 and 140ngm >h~!,
respectively. Diurnal pattern of Hg flux was not found and a number of negative Hg fluxes were observed in our sampling
campaigns. The correlations between Hg fluxes and meteorological parameters such as solar irradiation, air temperature, soil
temperature and relative humidity and air Hg concentrations were investigated. The commonly observed significant correlations
between Hg fluxes and meteorological parameters observed in many previous studies were not obtained in WMMA. However,
significantly negative correlations between Hg flux and air Hg concentration were observed at all sites. Our study demonstrated
that highly elevated air Hg concentrations could suppress Hg emission processes even from Hg-enriched soil. At specific
conditions in WMMA, air Hg concentrations play a dominant role in controlling Hg emission from soil.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction due to its long residence time in the atmosphere
(0.5-2yr) (Schroeder and Munthe, 1998; Ebinghaus

Once released to air, mercury (Hg”) can be et al., 2002a). Both natural processes and human
transported to remote areas by atmospheric cycles activities can emit a great amount of gaseous Hg to

the atmosphere (Schroeder and Munthe, 1998). It
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(Fitzgerald, 1995). A recent publication has esti-
mated that Hg emission flux from anthropogenic
sources was 2190t in 2000 (Pacyna et al., 2006).
However, Hg emission flux from natural sources is
still not well known because of the complexity of the
emission processes. Geologically, Hg-enriched areas
have been regarded as a huge source of atmospheric
Hg for a long time (Mason et al., 1994; Gustin,
2003). In the last decade, considerable progresses on
understanding Hg emission from Hg-enriched area
have been made (e.g. Gustin, 2003; Feng et al.,
2005; Wang et al., 2005). The results showed that
the Hg emission rates from Hg-enriched area are
much greater than the values measured in back-
ground area (e.g. Poissant and Casimir, 1998) and
the contribution of gaseous Hg to the atmosphere
from Hg-enriched soil in mercuriferous belt was
largely underestimated (Gustin, 2003; Feng et al.,
2005).

Guizhou province (N: 24°30-29°13/, E:
103°1'-109°30’), the most important Hg production
base of China, is situated in the Circum-Pacific
Global Mercuriferous Belt. Hg concentrations of
soil in this area are much elevated up to 2—4 orders
of magnitude compared to the national background
value that is 0.038 pgg~"' (Feng et al., 2005). Some
studies were conducted on Hg emission flux
measurements from soils with elevated Hg concen-
trations in Guizhou province (Feng et al., 1996,
2003, 2005; Wang et al., 2003, 2005). It was found
that Hg-enriched soil in Guizhou province is an
important Hg source to the atmosphere. Wuchuan
Hg mining area (WMMA), located in northeastern
Guizhou, is a large Hg mine in China (Fig. 1). It has
a long history of Hg production for 400 years and
more than 4070t of metallic Hg has been produced
(Qu Liya, 2004). The state Wuchuan Hg mining
plant went into operation in 1949 and was shut
down in 2003. However, illegally artisanal Hg
smelters are still in operation. Long-term Hg
refining activities induced serious Hg contamina-
tions to water, soil, sediment, and air compartments
in Wuchuan (Qu Liya, 2004; Qiu et al., 20006). Large
quantities of gangues, ore tailings, and smelting
residues (calcites) have been produced into piles and
spoil heaps. Due to heavy pollution, air Hg
concentration in WMMA was much elevated (Li
et al., 2006a) by 2—4 orders of magnitude compared
to the values observed in pristine areas in Europe
and North America, that is 1.5-2ngm™ (Ebin-
ghaus et al., 2002b; Poissant et al., 2005). It has been
proven that the health of local residents and
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Fig. 1. The sketch map of the location of Wuchuan Hg mining
area and sampling sites.

workers for artisanal Hg smelting activities has
been harmed seriously by elevated air Hg concen-
tration in WMMA (Li et al., 2006a). Previous field
and laboratory experiments indicated that elevated
air Hg concentration may decrease Hg emission flux
from soil or induce Hg deposition to soil/land
surfaces (e.g. Gillis and Miller, 2000; Nacht et al.,
2004; Wang et al., 2005). In this human-disturbed
area, the objectives of this study is to (1) determine
the contribution of gaseous Hg from widely
distributed Hg-enriched soil and retorted tailings
to the atmosphere and (2) understand the mechan-
ism of air/soil Hg exchange under this anthropo-
genically Hg-polluted condition.

2. Experimental
2.1. Background of the study area

The WMMA (E: 107°31'-108°31", N:
28°11'-29°05") is part of a hilly and karstic terrain,
ranging in elevation from 325 to 1743 m above sea
level. Its climate presents a typical subtropical
humid monsoon with an average temperature of
15.5°C and an average annual rainfall of 1272 mm.

Similar to the most of Hg mines worldwide, the
dominant Hg ore is cinnabar in WMMA. Previous
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large-scale Hg-mining activities were primarily
conducted at Luoxi and Laohugou (Fig. 1).
Approximately 185t of metallic Hg introduced in
exhausts, mine wastes, and drainages were even-
tually released into the local environment (Qiu
et al., 2006).

WMMA also is a center of artisanal Hg smelting
activities using an indigenous method. Numerous
artisanal Hg smelters were scattered in the valley
from Laohugou to Luoxi (Fig. 1). Apparently,
environmental impacts related to those illegal Hg-
refining activities are even more serious. All smelt-
ing residues from the artisanal Hg smelters were
discarded in the vicinity of the smelters along the
stream channels. Because the simple smelting
processes are without any environmental protection
measures, the Hg emission factors (the proportion
of Hg in ore is released to the ambient air) ranged
from 6.9% to 32.1% and the annual Hg emission
was up to 3.7-9.6t (Li et al., 2006b).

2.2. Sampling sites

In situ air Hg concentrations and air/soil Hg
fluxes were measured at three sites (Laohugou,
Jiaoyan, Luoxi) from December 19 to 26, 2003, and
at two sites (Sankeng, Huanglong) from 18 to 25
December, 2004 in WMMA, respectively (Fig. 1).
Except that the substrates of site Laohugou and
Jiaoyan were roasted cinnabar and gangue, the
substrates of other sites were field soil. Site
Laohugou was selected nearby a group of artisanal
Hg smelters in a valley. Site Jiaoyan was chosen on
the dam of ore tailings. Site Luoxi is located in a
crop field which is about 0.8km away from the
Wuchuan state Hg-refining plant and several
artisanal Hg smelters were in operation during our
sampling period. For comparison, site Sankeng and
Huanglong were chosen several kilometers away
from Hg smelters concentrated area (Fig. 1). The
straight distance between the illegal Hg smelting
area and the five sampling sites in Laohugou,
Jiaoyan, Luoxi, Sankeng and Huanglong are 0,
2.0, 0.8, 4.9 and 4.8 km, respectively (Fig. 1).

2.3. Hyg flux measurement

The dynamic flux chamber (DFC) method
used to measure Hg fluxes has been described
in many documents (e.g. Feng et al., 2005;
Wallschldager et al., 1999; Xiao et al., 1991). A
semi-cylinder, open-bottom chamber made of

Quartz (20 x 30cm) was used during our sam-
pling campaigns. Hg flux from the soil exposed in
the chamber was calculated using Eq. (1):

=(Co — C) x /4, (1)

where F'is the flux of gascous Hg, which consists of
mostly Hg® (Schroeder and Munthe, 1998) in ng
Hg m2h~!; C, and C; are concentrations of Hg in
air of the outlet and inlet of the chamber in ngm ™,
respectively; 4 is the bottom surface area of the
chamber in m? (0.06m?); and Q is the flushing flow
rate through the chamber in m*h™" (0.9m>h™").
Gaseous Hg 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 S5min sampling time.
Switching from the inlet to the outlet of the chamber
every 10min was achieved using a magnetic valve
(Tekran 1110). Another mass flow controller
combined with a second magnetic valve, which is
synchronous with the first one, was employed to
compensate flow rate decrease when Tekran is
sampling air from the inlet of the chamber. A high
flushing flow rate of 151min~" (0.9m*h™") was
adopted to prevent the possibility of underestimat-
ing Hg flux at low flushing flow rates (Gillis and
Miller, 2000; Zhang et al., 2002; Lindberg et al.,
2002). The mean of two C, and the mean of four C;
before and after C, were used to calculate Hg flux
between soil and air sequentially. One Hg flux
datum was obtained every 20 min. The positive and
negative results calculated from Eq. (1) represent
Hg emission from soil and atmospheric Hg dry
deposition, respectively (Feng et al., 2005).

2.4. Soil Hg concentration and meteorological
parameters

Representative surface soil samples from the five
sampling sites were collected from the area covered
by the flux chamber. All soil samples were air-dried,
milled and sieved (<80 mesh). In all, 300-500 mg
sample was oxidized with 5ml concentrated
HNO;+HCI (1:3 v/v) in a Teflon vial using a
microwave oven at a power of 1kW (MDS2000,
from CEM, USA) for 50 min. The digested solution
was then transferred to a 100ml volumetric flask,
and the volume was made up to 100 ml by adding
Mill-Q water. Total Hg concentration was deter-
mined using BrCl oxidation and SnCl, reduction
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coupled with cold-vapor atomic absorption spectro-
metry (F-732, China).

The meteorological parameters including air and
soil temperature, wind speed and direction, solar
irradiation and relative humidity were monitored
using a mini-weather station (Global Water IIIB,
USA) with a time resolution of 5min. The detailed
description on the weather station was given by
Feng et al. (2004, 2005).

2.5. 04/0C

The automatic air Hg analyzer (Tekran 2537A)
was calibrated manually before and after the
sampling campaign by injecting a volume of
Hg-saturated air with known concentration.
The measurements of the blank of DFC were
performed before and after the measurement
campaigns by covering the chamber on a quartz
glass plate. Blanks of DFC (2.0+1.6ngm *h™",
n = 12) were not subtracted from results of fluxes
because it is negligible compared to in situ fluxes.
A standard soil sample GBW-07405 (GSS-5)
was used to accomplish QA/QC, and the average
total Hg concentration of the geological standard
of GBW-07405 was 0.30+0.0lpgg™' (n=23),
which is comparable with certified value of
0.290+0.04 ugg~". The precision of our method
obtained from replicate analysis is less than 5%.
The results demonstrated that the pretreatment
procedures can quantitatively recover Hg from the
soil samples.

Table 1

3. Results and discussion
3.1. Air Hg concentration and air/soil Hyg flux

Air Hg concentrations (C;) measured from the
chamber inlet at all sampling sites are shown in
Table 1 and Fig. 2. The average air Hg concentra-
tions at site Laohugou, Jiaoyan, Luoxi, Sankeng
and Huanglong were 2114.5, 159.9, 528.2, 50.5 and
56.3ngm >, respectively. The highest level of air Hg
concentration (12,222.0ngm ™) was found at site
Laohugou. It is obviously seen that air Hg
concentrations were significantly elevated by 2-4
orders of magnitude compared to the value ob-
served at the global background sites in Europe and
North America (~1.5ngm™, Schroeder et al.,
1998). Average air Hg concentration decreased
exponentially with the distance between sampling
sites and the artisanal Hg smelting area as shown in
Fig. 3 and a significant correlation (R* = 0.98)
between air Hg concentration and the distance away
from the artisanal Hg smelting site were observed.
At the same time, it can be seen that the air Hg
concentrations changed with the wind direction as
shown in Fig. 4 and it is obvious that Hg emission
from artisanal Hg smelting area had a strong impact
on the air Hg concentrations in WMMA. High
temporal resolved air Hg concentration is shown in
Fig. 2. Due to the influence of Hg smelting
activities, the temporal variations of air Hg con-
centrations were observed at five sampling sites.
Previous study (Feng et al., 2004) demonstrated
that DFC method could not give true Hg fluxes

Statistical results of Hg flux, TGM concentration in air and total Hg concentration in soil at all sampling sites in Wuchuan Hg mining area

Site Sampling time Hg flux (ngm—2h~") Air Hg concentration (ngm™>) Soil Hg
concentration
(ngg™)
Mean n Mean n
Laohugou 19/12/2003 17:50— Emission 514343738 26 2114.5+1479.6 154 94.7
20/12/2003 19:45 Deposition 10916+8339 51
Jiaoyan 21/12/2003 16:30— Emission 305+199 78 159.9+78.0 229 150.7
23/12/2003 16:05 Deposition 2914356 34
Luoxi 24/12/2003 11:35- Emission 422 +444 43 528.2+464.0 166 1.1
25/12/200316:05 Deposition 2407 +2560 39
Sankeng 19/12/2004-17:05— Emission 32+47 52 19.5£5.3 304 2.7
21/122004 20:15 Deposition 36436 100
Huanglong  22/12/2004 16:10— Emission 2344257 175 56.3+40.4 442 3.0
25/12/2004 17:30 Deposition 219+316 46

Hg flux and air Hg concentration are shown as mean +standard deviation.
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Fig. 2. Temporal variation of air Hg concentrations and Hg flux at all sampling sites. From top to bottom, plots for Laohugou, Jiaoyan,
Luoxi, Sankeng and Huanglong. Air Hg concentrations shown in the figure are average value of 20 min data. Meteorological parameters
shown in the figure are recorded on resolution of 5min.
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at a condition with short-term large variation
of air Hg concentrations. Generally, the air
Hg concentrations in our measurement campaigns
changed progressively with only few occasional
short-term spikes, therefore the Hg fluxes measured
using DFC method can represent the true Hg
fluxes.

The results of air/soil Hg fluxes are given in
Table 1 and Fig. 2. The average Hg exchange
fluxes at Laohugou, Jiaoyan, Luoxi, Sankeng and
Huanglong were —5493, 124, —924, —13 and
140ngm—>h~', respectively. It is obvious that net
Hg emission fluxes were obtained from sites Jiaoyan
and Huanglong, and negative Hg fluxes were found
at sites Laohugou, Luoxi and Sankeng, respectively.
Such high-frequency of Hg deposition in WMMA
was not reported in other area. These air/soil
Hg fluxes were 2-3 orders of magnitude stronger
than those in the background area (Zhang et al.,
2001). It is clear that Hg-enriched soil or roasted
cinnabar could be the Hg sources or sink to

the atmosphere in WMMA. Previous studies
reported that Hg emission flux from soil showed
clearly diurnal trends in Hg-enriched area and this
diurnal model was used to estimate annually Hg
emission flux from the whole district (Coolbaugh
et al., 2002; Nacht et al., 2004). However, Hg fluxes
fluctuated strongly and did not show any diurnal
patterns at all sampling sites in WMMA (Fig. 2).
Highly elevated air Hg concentrations and variation
of Hg concentrations may contribute the fluctuation
of Hg fluxes observed in our study as discussed in
Section 3.4.

3.2. Relationship between Hg flux and soil Hg
concentration

At the sites Laohugou and Jiaoyan, elevated soil
Hg concentrations of 94.7 and 150.7ugg™" were
found, respectively. Relatively lower soil Hg con-
centrations of 1.1, 2.7 and 3.0 pgg~" were found at
sampling sites of Luoxi, Sankeng and Huanglong,
respectively (Table 1). Compared to the average
background soil Hg concentration in China
(0.038 ug g™, Feng et al., 2005), soil Hg concentra-
tions are 2-4 orders of magnitude elevated in
WMMA. Previous studies have demonstrated that
soil Hg concentration is an important factor
controlling Hg emission from soil and a log-log
relationship between soil Hg concentration and Hg
flux can be constructed (e.g. Gustin, 2003; Nacht et
al., 2004). However, in spite of high soil Hg
concentration, strong negative Hg flux was observed
instead of Hg emission from soil at almost all sites
and in most time. The highest negative Hg flux was
obtained at site Laohugou with the high soil Hg
concentration of 94.7 ugg™' (Table 1). The log—log
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Fig. 4. Plots of air Hg concentration following the change of wind direction at sites Laohugou, Jiaoyan, Luoxi, Sankeng and Huanglong.

relationship between soil Hg concentration and Hg
flux was not observed in our study. This intriguing
observation implies that highly elevated air Hg
concentrations may suppress Hg emission fluxes,
which concealed the impact of soil Hg concentra-
tion on Hg flux.

3.3. Relationships between Hg flux and
meteorological parameters

Field and laboratory studies clearly demonstrated
that meteorological parameters, such as solar
irradiation, soil temperature and precipitation, play
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an important role in Hg emission from soil (e.g.
Carpi and Lindberg, 1997; Coolbaugh et al., 2002;
Gustin et al., 2000, 2002; Feng et al., 2005; Gillis
and Miller, 2000; Lindberg et al., 1999). Through
the correlation analysis (SPSS 11.0), the correlations
between air/soil Hg fluxes and meteorological
parameters were investigated as shown in Table 3.
It is generally believed that solar irradiation could
accelerate Hg emission from soil significantly
because reactive Hg can be photo-reduced to Hg"
in soil (Gustin et al., 2002). It was also demon-
strated that Hg emission flux could be two times
higher when soil and air temperature increased
10°C (Moore and Carpi, 2005). However, weak
correlations between Hg flux and meteorological
parameters such as solar radiation, air temperature
and soil temperature were observed at site Laohu-
gou and Luoxi, and no significant correlations were
found at other three sites, respectively as shown in
Table 3. On the one hand, the sampling campaigns
were conducted in winter when the solar radiations
were weak, air temperatures were low and the
relative humidity was high as shown in Table 2. It is
obvious that the low intensity of solar radiation and
low temperatures will not favor the formation of
Hg' in soil and subsequently Hg emission from soil.
Even though Hg flux from arid soil can be
accelerated by watering (Lindberg et al., 1999), Hg
emission flux will decrease significantly when the soil

Table 2

is saturated with water (Gustin and Stamenkovic,
2005). Thus Hg flux cannot be accelerated by
high relative humidity because soil was almost
saturated in the long-time moisture weather. On
the other hand, the highly elevated air Hg concen-
trations definitely controlled the Hg emission
processes from soil enriched with Hg at this specific
condition in WMMA as discussed in Section 3.4
(Table 3).

3.4. Relationship between air Hg concentration and
Hg flux

From Fig. 2, it could be seen that Hg fluxes varied
oppositely corresponding to air Hg concentrations.
The relationships between air Hg concentration
and Hg flux were investigated (Table 4). The
results showed that significantly negative linear

Table 4

Linear relationships between air Hg concentrations and Hg fluxes
Site Coefficient
Laohugou —0.87, p<0.0001
Jiaoyan —0.78, p<0.0001
Luoxi —0.81, p<0.0001
Sankeng —0.79, p<0.0001
Huanglong —0.36, p<0.002

Summary of meteorological parameters at all sampling sites in Wuchuan Hg mining area during sampling campaigns

Sampling site Air temperature (°C)

Soil temperature (°C)

Relative humidity (%) Solar irradiation (W m™2)

Laohugou 1.2+1.3 25423
Jiaoyan 1.7+2.4 4.0+1.9
Luoxi 71414 7.841.0
Sankeng 22422 33+2.8
Huanglong 5.343.0 6.6+2.2

74.1+14.6 20.1+66.9
90.1+10.4 3.0+39.4
81.8+13.1 30.14+66.6
63.3+16.6 2.7+£52.2
81.4+14.4 11.04+53.3

All data are shown as mean + standard deviation.

Table 3

Summary of Pearson correlation coefficients (p is 1-tailed significance) between Hg fluxes and air temperature (AT), soil temperature (ST),
relative humidity (RH) and solar irradiation (SI), respectively

Site Hg flux vs. AT Hg flux vs. ST Hg flux vs. RH Hg flux vs. SI
Laohugou 0.316, p = 0.003 0.278, p = 0.007 —0.305, p = 0.004 0.322, p = 0.002
Jiaoyan —0.518, p<0.0001 —0.554, p<0.0001 0.590, p<0.0001 —0.191, p = 0.022
Luoxi 0.348, p = 0.001 0.284, p = 0.005 —0.348, p = 0.001 0.370, p<0.0001
Sankeng —0.137, p = 0.083 —0.103, p = 0.104 0.103, p = 0.046 —0.113, p = 0.103
Huanglong —0.326, p = 0.022 —0.277, p = 0.020 0.138, p<0.0001 —0.136, p<0.0001
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relationships between air Hg concentrations and Hg
fluxes were observed at all sampling sites.

Previous researches found that elevated air Hg
concentrations could lead to Hg emission flux
decreasing, or negative flux (Engle et al., 2001;
Gillis and Miller, 2000; Nacht et al., 2004). Wang
et al. (2005) observed totally different correlations
between Hg fluxes and air Hg concentrations in
daytime and nighttime in Lanmuchang Hg-TI
mining area in Guizhou, China. Hg fluxes signifi-
cantly positively correlated with air Hg concentra-
tions during daytime, but negatively correlated with
air Hg during nighttime. In theory, Hg exchange
flux between soil and air is determined by two
factors: (i) the rate of Hg diffusion on interface and
(i) the rate of Hg adsorption by soil surface.
According to the two-resistance exchange interface
model (Zhang et al., 2002), the rate of Hg diffusion
is controlled by the gradient of Hg concentration
between soil, air and the above air. Thus, when air
Hg concentration is elevated, the potential of Hg
diffusion from soil to the atmosphere will decrease.
This can lead to the rate of Hg diffusion from soil
decreasing or Hg diffusing from the ambient air to
soil air (negative flux). Synthetically, highly elevated
air Hg concentrations can inhibit/decrease Hg
emission flux from soil. As described in Section
3.1, air Hg concentrations were elevated by 2-4
orders of magnitude compared to those values
observed in pristine areas in Europe and North
America because of a huge amount of Hg emission
from artisanal Hg smelting activities. Thus, our
study further demonstrated that highly elevated air
Hg could suppress Hg emission processes even from
Hg-enriched soil. At the specific conditions in
WMMA, air Hg concentrations play a dominant
role in controlling Hg emission from soil.

4. Conclusion

Air Hg concentrations in WMMA were much
elevated by 2—4 orders of magnitude compared to
the values observed in the background areas in
Europe and North America as a result of Hg
emission from artisanal Hg smelting activities.
WMMA may become an important local and
regional Hg emission source to the atmosphere.
Massive negative Hg fluxes were measured on Hg-
enriched soil surfaces using dynamic flux chamber
method and significantly negative correlations
between air Hg concentration and Hg flux were
observed. Soil may be served as the sink of

atmospheric Hg in WMMA under dark, humid
and cold weather conditions. Huge fluctuation of
Hg fluxes demonstrated that the exchange process
of gaseous Hg between soil and air was so dynamic
and air Hg concentration was the dominant
controlling factor of air/soil Hg exchange in
WMMA in cold season.
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