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• Impact of Hg emission from a Zn/Pb
smelter was quantified using an
integrated model.

• The smelter emission caused
6450 μg m−2 yr−1 of Hg deposition
during 1960–1990.

• Only 14% of Hg emission deposited
locally and most emission went into
the global pool.

• Hg emission from the smelter increased
Hg content in soil from 0.12 to
1.77 mg kg−1.

• The integrated model can be used to
assess the impacts of other heavy
metals.
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Nonferrous metal smelting is an important atmospheric mercury (Hg) emission source that has signifi-
cant local and global impacts. To quantify the impact of Hg emission from non-ferrous metal smelter on
the surrounding soil, an integrated model parameterizing the processes of smelter emission, air disper-
sion, atmospheric deposition and Hg accumulation in soil was developed. The concentrations of gaseous
elemental Hg (GEM) around the smelter and the spatial distribution of Hg in the surrounding soil were
measured and compared with the model results. Atmospheric deposition of Hg emitted from the smelter
was identified as the main source of Hg accumulation in the surrounding soil. From 1960 to 2011, the
smelter emitted approximately 105 t of Hg into the atmosphere, of which 15 t deposited locally and re-
sulted in an increase of Hg concentration in soil from 0.12 to 1.77 mg kg−1. A detailed examination of
wind rose and model data suggested that the area within 1.0–1.5 km northwest and southeast of the
smelter was most severely impacted. It was estimated that the smelter operation from 1969 to 1990,
when large scale emission controls were not implemented, resulted in 6450 μg m−2 yr−1 of Hg net depo-
sition and a model simulated increase of 0.40 mg kg−1 of Hg accumulation in the soil. During the period
from 1991 to 2011, atmospheric Hg emission from the smelter alone increased the average concentration
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in soil from 0.41 mg kg−1 to 0.45 mg kg−1. In the past 50 years, over 86% of Hg emitted from this smelter
went into the global pool, indicating the importance of controlling Hg emissions from non-ferrous metal
smelters.

© 2014 Elsevier B.V.All rights reserved.
1. Introduction

Mercury (Hg) emissions are a global problem that has no national or
continental boundaries. Hg emitted to the atmosphere can travel thou-
sands of miles before it is eventually deposited back to the earth in rain-
fall or in dry gaseous form. Non-ferrous metal production contributed
15.5% of the Hg emission into the atmosphere globally (UNEP, 2013).
In China, non-ferrous metal smelting contributed about 40–45% of na-
tional atmospheric Hg emission from 1996 to 2003 (Wu et al., 2006).
Recent study indicates that atmospheric Hg emissions from Chinese
zinc (Zn), lead (Pb) and copper (Cu) smelters were 73 t in 2010 (Wu
et al., 2012). Atmospheric Hg emissions fromnonferrousmetal smelters
cause not only atmospheric pollution but also severe soil pollution
(Ettler et al., 2007; Feng et al., 2006; Kalac et al., 1991; Kalac et al.,
1996; Li et al., 2011; Lin et al., 2012; Rieuwerts and Farago, 1996;
Svoboda et al., 2000; Yin et al., 2009). Mercury concentration in soil
up to 2.32 mg kg−1 has been observed in a historic Pb mining and
smelting town in the Czech Republic (Rieuwerts and Farago, 1996). In
China, the soil Hg content was found to be as high as 0.86 mg kg−1 in
artisanal Zn smelting areas of Guizhou Province (Feng et al., 2006).
The Hg concentrations in soil near large-scale industrial smelters were
at the range of 0.05–14.60 mg kg−1 for Huludao (Zheng et al., 2011),
and 0.15–2.89 mg kg−1 for Zhuzhou (Li et al., 2011). In the vicinity of
secondary Cu smelters in Zhejiang Province, the highest Hg concentra-
tion in soil reached 15.01 mg kg−1 (Yin et al., 2009). However, the
mean Hg concentration was 0.04 mg kg−1 in Chinese background
soils (Wei et al., 1991). Total Hg concentrations in the soil of Chinese re-
mote sites were generally less than 0.20 mg kg−1 (Zhang et al., 2002;
Liu et al., 2003, 2006; Wang et al., 2009).

On-site measurements are usually conducted to assess the Hg
contamination near large point sources including non-ferrous metal
smelters. However, this method requires a large number of samples to
account for the large variation of Hg concentrations in the soil near
smelters. Additionally, smelters are often located in industrial com-
plexes in China, which means that other potential industrial sources
may also influence soil Hg concentrations. Because of this, on-site mea-
surements are not capable of quantifying the contribution of the target
sources to the Hg contamination of surrounding soil. Moreover, the ob-
served concentrations in the soil could reflect the pollution levels when
the on-site measurements were conducted, but they are not an ade-
quate record of historical concentration change. Integrated methods
which combined the plume/puff model and the watershed/lake model
were used to quantify the Hg input to a lake caused by emissions of
power plant (US EPA, 1997). This approach was applied to assess the
impact of waste gasification on surrounding human health (Lonati and
Zanoni, 2013). However, the models used in these studies were not ef-
fectively evaluated in terms of input parameters andmodel outputs be-
fore they were applied to assess the impact of Hg on local environment
as well as on human health risk. Suchmethod integrating emission and
pollution is rarely used for smelters because of the lack of important
input parameters such as emission rate. We hypothesize that use of
data from recent field experiments on atmospheric Hg emissions from
nonferrous metal smelters (Li et al., 2010; Wang et al., 2010; Zhang
et al., 2012b), and observations of concentrations in air and soil will pro-
vide a foundation for an integratedmodel that will allow for estimation
of emissions from large point sources to Hg soil pollution.

In this study, an integrated approach assessing the input of Hg emis-
sions from large point sources to the Hg soil pollution and the subse-
quent accumulation in the soil was developed. The model components
include emission module, Gaussian plume dispersion module, dry and
wet deposition module, and module for Hg accumulation in the soil.
The developedmodel was adopted to assess the impact of Hg emissions
from a Zn/Pb smelter to Hg contamination of the soil in surrounding
areas. Concentrations of gaseous elementalHg (GEM) around the smelt-
er and the Hg distribution in the surrounding soil were measured to
evaluate model results. The accumulation and spatial distribution of
Hg in the soil were further quantified based on model simulations.
The integrated model developed in this study can be used to assess
the impact of Hg as well as other metals from large point sources to
their surrounding environment.

2. Methodology

2.1. Site description and study domain

The Zn/Pb smelter is located in the northwest quadrant of Zhuzhou
City, Hunan Province, China (Fig. 1). The smelter underwent 5major op-
erational changes in terms of production capacity and the implementa-
tion of air pollution control devices (APCDs) (Table 1). Currently, the
smelter operates 1 Pb production line (Pb1) and 2 Zn production lines
(Zn1 and Zn2). The Pb production line is operatedwith a sintermachine
process. During this process, Pb concentrates are firstly dried in the de-
hydration kiln before being roasted in a sinter machine to produce Pb
calcine. The Pb calcine is further converted in the blast furnace to pro-
duce crude Pb, which is 95–99% pure. The crude Pb is then refined to re-
move impurities in the refining process. Since the crude Pb contains
little Hg, atmospheric Hg emission from refining process can be ignored.
The exhausted gas is emitted from 1 stack for dehydration kiln flue gas
(Pb1P1), 1 stack for sinter flue gas (Pb1P2), and 1 stack for blast furnace
flue gas (Pb1P3). The 2 Zn production lines are electrolytic processes.
During this process, the Zn concentrates are firstly dried in the dehydra-
tion kilns, and then roasted. The Zn calcine produced by the roasters is
then leached in the leaching process. The leachate is purified and elec-
trolyzed to produce refined Zn while the leaching sludge is sent to vol-
atilizing kilns to reclaim refined Zn. In the Zn producing process,
atmospheric Hg is emitted from the stacks for the dehydration kiln
flue gas (Zn1P1 or Zn2P1), roaster flue gas (Zn1P2 or Zn2P2) and vola-
tilizing kiln flue gas (Zn1P3 or Zn2P3). The characteristics of the 9 stacks
are shown in Table 2.

The simulation domain (10 km by 10 km, Fig. 1) was divided into
400 cells (500 m spatial resolution). The site is located at a flat terrain
with 70% of the area used as cropland. There are industrial areas in the
east and southeast quadrants of the domain. The study area has a north-
erly subtropical monsoon climate with the perennial dominant wind
from north–northwest (NNW) except in summer when the wind is pri-
marily from the southeast (SE). The average annual temperature and
precipitation is 17.5 °C and 1400 mm, respectively, according to the
data from the CMDSSS (China Meteorological Data Sharing Service
System, available at http://cdc.cma.gov.cn/home.do, last accessed
on January 14, 2014). The weather conditions with unstable atmo-
spheric stability occur less than 5% of the time.

2.2. Model development

An integrated model assessing the emission transport from large
point source deposition and the subsequent accumulation in the soil
was developed. The model components include emission estimation,
Gaussian plume dispersion, dry and wet deposition, and Hg accumula-
tion in the soil.

http://cdc.cma.gov.cn/home.do


Fig. 1. Study domain and location of industrial facilities located in the northwest quadrant of Zhuzhou City, Hunan Province, China. (The wind rose shows the annual average frequency
with which the wind blows from a given direction.)
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2.2.1. Emission estimation
The emission estimation included the non-ferrous metal smelter

metal purification process from ore through dehydration, roasting, ex-
traction, and the reclaiming processes. During these processes, Hg in
ore concentrates is released as gaseous Hg in the flue gas. The released
gaseous Hg was directly emitted to the atmosphere during the period
from1960 to 1968 (Table 1). The dust collectors (DC)were installed to re-
movefly ash in 1969 and acid plants (AP)were installed to recover SO2 in
1991. In these processes, part of the Hg would be transferred into fly ash,
waste water, and sulfuric acid (Table 1). Two Hg reclaim towers were
installed to recycle Hg in the 2 Zn smelting lines respectively so as tomin-
imize Hg emission (Table 1). In this study, an emission module similar to
the technology-based model by Wu et al. (2012) was developed. The
model for national emission estimation provided by Wu et al. (2012)
was adjusted according to the technology adopted in the studied smelter.
In addition, fugitive Hg emissions were added to the emission module,
which was not considered in the research of Wu et al. (2012).

The emission mass flow rate Q (g s−1) from stacks for speciated Hg
was calculated as follows:
Emission rate from stacks for the dehydration kiln (d) is

Qdi ¼ θdi
CMγd 1−ηd

� �
365� 24� 3600

; ðE1Þ

emission rate from stacks for the sinter/roaster (s) is

Qsi ¼ θsi
CM 1−γdð Þγs 1−ηs

� �
365� 24� 3600

; ðE2Þ



Table 1
The developing history of the smelter.

Period Zinc producing lines (Zn1 & Zn2) Lead producing line (Pb1) Total Hg emitted
from smelter (t)

Total Hg accumulated
in soil (t)

Production
(kt yr−1)

Ore consumption
(kt yr−1)

APCDsa Production
(kt yr−1)

Ore consumption
(kt yr−1)

APCDsa

1960–1968c – – 20 34 None 2 0.1
1969–1990 100 208 DC 30 50 DC 95 14.2
1991–2000 170 350 DC + APd 70 120 DC + APs 3 0.4
2001–2005 450 930 DC + APd/DC + APd + RTb 100 170 DC + APs 3 0.1
2006–2011 500 1040 DC + APd + RT 100 170 DC + APs 2 0.1

a Air pollution control devices for smeltingflue gas.None—noair pollution control devices;DC—dust collector; APd— acid plantswithdouble conversionanddouble absorption tower; APs—
acid plants with single conversion and single absorption tower; RT — Hg reclaim tower.

b During 2001–2005, about 60% of smelting flue gas from zinc smelter was treated with APd + RT.
c The lead line was operated in August of 1959. Considering the unstable production in that year, we have not considered its impact in this study.
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emission rate from stacks for the blast furnace (e) is

Qei ¼ θei
CM 1−γdð Þ 1−γsð Þγe 1−ηe

� �
365� 24� 3600

; ðE3Þ

emission rate from stacks for the volatilizing kiln (r) is

Qri ¼ θri
CM 1−γdð Þ 1−γsð Þ 1−γeð Þγr 1−ηr

� �
365� 24� 3600

ðE4Þ

where i denotesHg species. d, s, and e stand for dehydration, roasting and
blasting, respectively. M and C are annual ore consumption (t yr−1)
(Table 1) and Hg concentration (mg kg−1). The mean concentration
in Zn concentrates processed by the smelter was 41.3 mg kg−1 (Wang
et al., 2010); the mean concentration in Pb concentrates was
10.1 mg kg−1 (Wu et al., 2012). The γ is the Hg release ratio (%),
which is the percentage of Hg released from the input materials into
the flue gas (0.8%–99.4% for the dehydration kilns, roasters and volatil-
ization kilns in the Zn production line and 0.1%–98.7% for the dehydra-
tion kiln, sinter, and blast furnace in the Pb production line, Table 3); η is
Hg removal efficiency (%, Table 3). Hg removal efficiency depends on
the application of APCDs (Wang et al., 2010; Li et al., 2010; Zhang
et al., 2012b). The Hg in flue gas includes GEM, reactive gaseous Hg
(RGM), and particulate bound Hg (PBM), and θ is the percentage of
each Hg species (%) in the emitted flue gas. The Hg speciation percent-
age in the emitted flue gas after acid plant wasmeasured byWang et al.
(2010). The percentage of Hg species emitted from the dehydration and
volatilizing/fuming furnaces was based on Li et al. (2010) and Zhang
et al. (2012b). For flue gas from AP, RGM constituted 88%; while it
only accounted for 15–21% in the roastingflue gas (Table 3). In the 5 dif-
ferent stages of operation, the percentage of GEM in dehydration,
blasting and volatilizing flue gas contributed 50–80% of total emissions
(Table 3).

Fugitive Hg emission refers to the Hg emitted from Hg-containing
materials into the atmosphere when these were stored in uncovered
piles. The emission mass flow rate Qf (g s−1) for fugitive Hg emission
from the sludge of flue gas scrubber, and electrostatic demister waste
water was calculated according to the method described in the study
of Wang (2010). With this method, fugitive emission rate was calculat-
ed as the product of the concentration differencemeasured upwind and
downwind of the sludge pile, wind speed and cross-sectional area of
sludge pile against wind direction. The fugitive Hg emission was as-
sumed to be GEM. The difference between the GEM concentrations
downwind and upwindwas assumed to be caused by the fugitive emis-
sion from the sludge. The concentrations of the GEM both downwind
and upwind of the sludge pile were measured by Lumex® RA-915M
analyzer 3 times a day (at least 1 h each time) and repeated for
3 days. The 30 s average concentration of GEM downwind reached as
high as 20 μgm−3, with an hourly average of 1 μgm−3 while the hourly
average concentration upwind was 15 ng m−3. The quality assessment
and quality control of this equipment are discussed in Section 2.3.1.
There are other Hg emission sources in the industrial complex, in-
cluding 3 cement plants and 1 ferrousmetal smelter (Fig. 1). The annual
production capacities of the 3 cement plants were 200 kt, 88 kt and
88 kt, respectively. The capacity of the metal smelter was 100 kt yr−1.
The emission factors of 0.065 g t−1 and 0.04 g t−1 were adopted for
the cement plants and metal smelter (Wang et al., 2006). The emission
speciation of these 2 sourceswas assumed to be 85%GEM, 15%RGMand
5% PBM (Wang et al., 2006).

2.2.2. Air dispersion
The air dispersion module estimates atmospheric Hg concentration

at ground level. The air dispersion was simulated using a Gaussian dis-
persion model: the industrial source complex (ISC) model. Although
there are several updated puff/plume models such as AERMOD (AMS/
EPA regulatory model) and CALPUFF (Lagrangian puff dispersion
model), we chose the ISC model considering the model applicability in
the study domain and the input data availability. The ISC model accepts
hourly meteorological data records to define the conditions for plume
rise, transport, diffusion, and deposition. The model estimates the
concentration or deposition of gases and particles for each hour of
input meteorology. The atmospheric concentration of speciated Hg (Cg)
was calculated based on the speciated Hg emission rates, stack charac-
teristics (Table 2) and meteorological data. The modeling period was
from 1960 to 2011. The hourly wind speed (m s−1), wind direction (°),
ambient temperature (K), precipitation amount (mm), radiation levels
(W m−2), and dew point temperature (K) for the period from 2001 to
2011 were obtained from the CMDSSS. Due to the lack of observed
meteorology, the same meteorological data was used for the years be-
tween 1960 and 2001. The joint frequency ofwind speed,wind direction,
and stability was calculated based on the meteorological data during
2001–2011. Other parameters including temperature, mixing layer
heights, and surface roughness applied were the monthly average of
the data during 2001–2011. The ISC model uses the mixing height to re-
flect dispersion characteristics. Themixing heightwas calculated accord-
ing to the standardmethods of GB/T 13201-91 (MEP, 1991). Thismethod
calculated the mixing height according to the different formulas under
different atmospheric stability classes. The atmospheric stability class
was determined according to solar elevation angle, cloud cover, and
wind speed.

2.2.3. Deposition
The total deposition flux Ft, calculated as the sum of dry (Fdry) and

wet (Fwet) deposition, was calculated for each Hg species as:

Fi;t ¼ Fi;dry þ Fi;wet ¼ Adry � Cg;i � Vi;d þ Awet � Cl;i � P ðE5Þ

where F is the deposition flux (μgm−2 yr−1), i is theHg speciation, and t
refers to the total deposition. Adry and Awet are unit conversion factors
(315.16 m s μg ng−1 cm−1 yr−1 and 0.001 μg ng−1), Cg is the atmo-
spheric Hg concentration from the dispersion module (ng m−3), and V
is the species-specific dry deposition velocity (cm s−1) calculated by



Table 2
Characteristics of the 9 stacks studied including height, exit temperature, velocity, and diameter.

Stack number Description Stack height (m) Exhaust gas temperature (K) Exit velocity (m s−1) Stack diameter (m)

Pb1P1 Stack for the dehydration kiln of NO.1 lead producing line 30 325 25 1.0
Pb1P2 Stack for the d sinter of NO.1 lead producing line 120 325 15 1.6
Pb1P3 Stack for the blast furnace of NO.1 lead producing line 120 355 25 1.0
Zn1P1 Stack for the dehydration kiln of NO.1 zinc producing line 30 325 25 1.0
Zn1P2 Stack for the roaster of NO.1 zinc producing line 120 330 15 1.6
Zn1P3 Stack for the volatilization kiln of NO.1 zinc producing line 35 316 25 1.0
Zn2P1 Stack for the dehydration kiln of NO.2 zinc producing line 30 325 25 1.0
Zn2P2 Stack for the roaster of NO.2 zinc producing line 120 330 15 1.6
Zn2P3 Stack for the volatilization kiln of NO.2 zinc producing line 40 316 25 1.0
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the meteorology chemistry interface processor (MCIP) version 3.6
(Byun and Ching, 1999). In the MCIP, the dry deposition velocities of
GEM and RGM are calculated using a resistance deposition scheme
(Wesely, 1989). The dry deposition velocity of PBM was calculated ex-
plicitly, similar to that of fine aerosols in Aitken and Accumulation
models (Binkowski and Roselle, 2003).

The land use data applied for theMCIPwere based on those from the
United States Geological Survey (USGS). The land use categories in
the study domain included dry land and cropland, irrigated cropland,
cropland–grassland mosaic, grassland, shrub land, water, and urban
land, which accounted for 7.8%, 31.4%, 31.2%, 8.7%, 0.8%, 7.9%, and
12.2% of the total area in our study domain, respectively. The MCIP
was driven bymeteorological fields generated by theWeather Research
and Forecasting Model (WRF version 3.3). The meteorological parame-
ters simulated by theWRFwere evaluated by the observed data obtain-
ed from the CMDSSS. Wind speed, temperature and humidity of 2006
and 2011 were chosen for comparison. The monthly observed and sim-
ulated concentrations were used to calculate the bias and gross errors
which were adopted as the statistical indices. The benchmarks for the
bias and gross errors were from the suggestion of Emery et al. (2001).
The biases of monthly averagewind speedwere below the benchmarks
of ±0.5 m s−1. The biases of wind speeds for Feb–May 2006 were
slightly above the benchmark (0.51–0.57 m s−1). The temperature
and humidity were reproduced well, with bias less than ±0.5 K and
±1 g kg−1. The gross errors for the three meteorology indices in all
months were less than the benchmarks (2m s−1, 2 K and 2 g kg−1), re-
spectively. Generally speaking, these data indicate a relatively good per-
formance of meteorological prediction. The parameter Cl in the flux
equation is aqueous oxidized Hg concentration in the dissolved or
sorbed phase (ng m−3). RGM is highly soluble in water and was as-
sumed to be completely scavenged into the aqueous phase during pre-
cipitation events. For PBM, Cl was estimated by the fraction of PBM
scavenged by washout using the method adopted in GEOS-Chem (Liu
et al., 2001). P is precipitation intensity (m yr−1).
Table 3
Values applied for specific parameters in the emission model from 1960 to 2011. Processes con

Metal type Parameter Dehydration Smeltin

1960–1968 1969–2011 1960–1

Zinc Hg release rate, γ (%)a – 0.8 –

Hg removal efficiency, η (%)a – 12.5 –

Percentage of GEM, θGEM (%)b – 74 –

Percentage of RGM, θRGM (%)b – 21 –

Percentage of PBM, θPBM (%)b – 5 –

Lead Hg release rate, γ (%)a 0.1 0.1 98.7
Hg removal efficiency, η (%)a 0.0 12.5 0.0
Percentage of GEM, θGEM (%)b 80 74 80
Percentage of RGM, θRGM (%)b 15 21 15
Percentage of PBM, θPBM (%)b 5 5 5

a Wu et al. (2012), Zhang et al. (2012b), Wang et al. (2010) and Li et al. (2010).
b Wu et al. (2012), Zhang et al. (2012b), Wang et al. (2010), Li et al. (2010) and Streets et a
c The Hg removal rate reached 99.7 when the reclaim towers were installed.
2.2.4. Accumulation in soil
The total Hg concentration in the soil was estimated using the simu-

lated atmospheric deposition and the estimated loss of Hg from soil
through leaching, runoff and volatilization (US EPA, 2005):

Cso ¼

X
i

Fi;t 1− exp −kso � Tð Þ½ �

Zso � kso � BD
ðE6Þ

where i is the Hg speciation, t refers to total deposition, Cso is the
simulated Hg concentration (mg kg−1) in soil, F is the deposition
flux (μg m−2 yr−1), Zso is the soil mixing depth (cm), T is the period
of smelter operation (yr, Table 1), BD is soil bulk density (g cm−3), and
kso is the soil loss constant (yr−1). The US EPA (2005) recommends the
value of kso be determined using the characteristics of the soil to esti-
mate the loss resulting from (1) leaching (ksg), (2) erosion (kse), (3) run-
off (ksr), (4) biotic and abiotic degradation (ksl), and (5) volatilization
(ksv). Here, kse was assumed to be zero because the contaminated soil
erodes both onto and off the site according to the US EPA's recommen-
dation. The value for ksg was also set to zero (US EPA, 2005) because of
the lack of kinetic data for biotic and abiotic processes in soil. Using
these assumptions, the soil loss constant for Hg becomes:

kso ¼ ksr þ kslþ ksv
ðE7Þ

ksr ¼
RO

θsw � Zso

1
1þ Kdso � BD=θsw

� � ðE8Þ

ksl ¼
P þ I−RO−Ev

θsw � Zso � 1þ Kdso � BD=θswð Þ
ðE9Þ
sidered included dehydration, smelting, blasting, and volatilization from ore piles.

g Blasting Volatilizing

968 1969–1990 1991–2011 1960–1968 1969–2011 1969–2011

99.4 – – – 87.2
12.5 99/99.7c – – 12.5
74 15 – – 62
21 80 – – 32
5 5 – – 6

98.7 98.7 58 58 –

12.5 95.9 0.0 12.5 –

74 7 50 50 –

21 88 45 45 –

5 5 5 5 –

l. (2005).
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ksv ¼
A � H

Z � Kd � R � T � BD � Da

Z

� �
� 1− BD

ρ
−θsw

� �
: ðE10Þ
so so a so soil

The descriptions and values of the variables in E7–E10 are listed in
Table 4. Most of the values recommended by the US EPA (2005) were
applicable in the domain. The main site-specific parameters were the
average annual precipitation (P), average annual surface runoff from
pervious areas (RO), average annual irrigation (I), and average annual
evaporation (Ev). The average annual precipitationwas from the surface
observation data at the station for our study sites (CMDSSS). The aver-
age annual surface runoff from previous areas and the average annual
evaporation for this site were found in the resources of hydrogeology
foundation (Wang, 1995). The average annual irrigation was calculated
based on the irrigation amount model recommended by Liu et al.
(2012).

2.3. Field measurement

2.3.1. Ambient concentration of GEM
The ambient concentrations of GEMweremeasured fromApril 22 to

May 18, 2012 to examine the performance of the integrated model de-
veloped in this study. The observational data were collected at represen-
tative locations and time based on the understanding of meteorology.
During the sampling period, the dominant wind direction was north–
northwest (NNW), and the average wind speed and temperature were
1.63 m s−1 and 18.2 °C, respectively. These main meteorology parame-
ters are representative of annual averages with perennial dominant
wind of NNW (Fig. 1), annual average wind speed of 1.67 m s−1 and an-
nual temperature of 17.5 °C. The sampling sites were also selected at
both dominant and non-dominant directions to ensure spatial represen-
tativeness. Gaseous elemental Hg concentrations were measured at the
six experiment sites (ES1–ES6) where the soil samples were collected
and at one control site (Fig. 1). The experiment sampling sites were lo-
cated within 4 km of the smelter in the dominant wind direction while
they were within 1–2 km of the smelter in the non-dominant wind di-
rection (Fig. 1). The control site was located 30 km northeast of the
smelter (Fig. 1).

Gaseous elemental Hg was sampled and analyzed using a Lumex®
RA-915M analyzer. The analyzer is based on differential Zeeman atomic
absorption spectrometry using high frequency modulation of light po-
larization (ZAAS-HFM). The instrument is calibratedwithmultiple dilu-
tions of a 1000 μgmL−1 certified Hg standard (State Non-ferrousMetals
and Electronic Materials Analysis and Testing Center, P/N GSB04-1729-
2004) every 12 months and by an internal Hg source every 24 h. The in-
strument detection limit is 2 ng m−3. Before each measurement, the
Lumex RA-915M was operated for 30 min to stabilize (with the drift
Table 4
Parameters used in equations of E7–E10 to calculate the soil loss constant.

Parameters Meaning Value

RO Average annual surface runoff from previous areas 10
θsw Soil volumetric water content 0.2
Kdso Soil/water partition coefficient 1000
Zso Soil mixing zone depth 20/2
BD Soil bulk density 1.5
P Average annual precipitation 140
I Average annual irrigation 0
Ev Average annual evaporation 50
A Units conversion factor 3.153
H Henry's law constant 0.007
R Universal gas constant 8.206
Ta Ambient air temperature 291.8
Da Diffusivity of Hg in air 0.010
of blank not more than 2 ng m−3 within the last 10 min). During the
measurement, all the measurements were conducted at a height of
1.5 m from the ground. The baseline was automatically adjusted every
5 min.

2.3.2. Soil sampling and analysis
Soil samples were collected using a stratified random sampling

method (Brus and de Gruijter, 1997; http://www.epa.gov/quality/
qksampl.html, last accessed on January 14, 2014). For this method,
prior information about the area is used to create groups that are sam-
pled independently using a random process. In this study, the study
area was divided into 7 areas based on land usage types. In each area
(the land usage type of water was not included), the soil sampling
sites were distributed both in dominant wind direction and in non-
dominant direction to ensure representativeness (Fig. 1). Soil samples
at depths of 0–20 cm and 80–100 cm were collected to represent the
polluted soil and the background soil. No less than 5 samples were col-
lected at each site. All samples were air dried to constant weight and
then pulverized into a sieve with 80 meshes (200 μm). The soil Hg
content was analyzed using the Direct Combustion Method (ASTMD
6722-01) with a Milestone™ DMA-80. The absolute detection limit is
0.02 ng. Multiple dilutions of a 1000 μg ml−1 certified Hg standard
(State Non-ferrousMetals and ElectronicMaterials Analysis and Testing
Center, P/N GSB04-1729-2004) were used for equipment calibration.
Certified reference materials (CRMs, supplied by the National Research
Center for CRMs of China, Beijing) were also used as the external stan-
dard for every 3 samples. Each sample was analyzed at a minimum of
3 times to obtain parallel results with a relative standard deviation of
b5%.

2.3.3. Statistical analysis
Microsoft Excel software (Excel 2010) was applied for statistical

analysis and Origin Data analysis and graphing software (OriginPro8.5)
was used for figure drawing.

3. Results and discussion

3.1. Mercury emission from the industrial sources

Mercury emissions from the industrial sources in the study domain
were estimated to be 0.37 t in 2011. The emissions of GEM, RGM and
PBM were estimated to be 0.26 t, 0.09 t and 0.02 t, respectively. The
emission of the Zn/Pb smelter, cement plant and primary metal smelter
were 0.35 t, 0.02 t and 0.004 t, respectively. The Zn/Pb smelter is the
dominant source, contributing 94% of the total emissions.

The uncertainty of the emission of this smelter was estimated by
combining the coefficients of variation (CV, or the standarddeviation di-
vided by the mean) of the contributing factors according to the
Unit Reference

cm yr−1 Wang (1995) and Liu et al. (2012)
ml cm−3 US EPA (2005)
ml g−1 US EPA (2005)
cm US EPA (2005)
g cm−3 US EPA (2005)
cm yr−1 CMDSSS
cm yr−1 Wang (1995) and Liu et al. (2012)
cm yr−1 Liu et al. (2012) and CMDSSS

6 × 107 s yr−1 US EPA (2005)
1 atm-m3 mol−1 US EPA (2005)
× 10−5 atm-m3 mol−1 K−1 US EPA (2005)

K US EPA (2005)
9 cm2 s−1 US EPA (2005)

http://www.epa.gov/quality/qksampl.html
http://www.epa.gov/quality/qksampl.html
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methodology for uncertainty analysis described in Streets et al. (2003).
The relative 95% confidence intervals for emissions are calculated as
1.96 times CV. The uncertainty in the emission estimate could result
from ore consumption, Hg removal efficiency of APCDs, and Hg concen-
tration in ore. Ore consumptionwas recorded from the operational data,
and the Hg removal efficiency was based on field measurements in the
smelter (Wang et al., 2010), which were relatively accurate to a certain
extent. Hg concentrations in Zn (41.3 mg kg−1) and Pb (10.1 mg kg−1)
concentrates applied were the annual average value. Considering that
Hg concentration in the ore consumed by this smelter varied by batches
(Fig. 2), this is likely the most important factor causing the uncertainty
in Hg emissions. The calculated uncertainty of the emissions of the
smelter caused by the uncertainty of Hg concentration in the consumed
concentrates was ~30%. The uncertainties for the past years were also
assumed to be 30% since there were no historical data available.

3.2. Comparison of simulated and observed concentrations of GEM

The observed mean concentration of GEM at ES1–ES6 ranged from
6.4 to 40.3 ng m−3, with a grand mean of 19.5 ng m−3. The average
observation time for ES1–ES3 was 4 days at each site while that for
ES4–ES6 and CS was 3 days per site. The concentration of GEM was
strongly influenced by anthropogenic emission sources, as evidenced
by the dependence of GEMonwind direction at the 6 sites. For example,
ES1 is northwest of the smelter. The wind rose (Fig. 3a) combined with
the GEM concentration at ES1 (Fig. 3b) showed that the concentration
of GEM on Apr 22, Apr 23 and Apr 26 was 4–6 times elevated when
ES1 was downwind of the smelter compared to the GEM concentration
on Apr 25. The observed regional background concentration at CS site
was 5.3 ng m−3, with a range in concentrations from 1.9 to 5.7 ng m−3,
similar to that observed in remote areas (Fu et al., 2008, 2010; Wan
et al., 2009). Thus, the observed mean concentration at the CS site was
used for screening out the background signal.

Both observed and simulated GEM concentrations exhibited large
temporal variability (Fig. 4). The large deviationwas caused by the com-
bined effect of smelter emission and associated atmospheric processes.
The observed mean daily concentration was generally greater than the
simulated concentration. About 70% of the simulated GEM concentra-
tion is located in 85% of the observed concentration. The underestima-
tion of the simulated GEM concentration could be attributed to
Fig. 2.Mercury concentration in the monthly consumed concentrates during one year samplin
monthly consumed zinc concentrates. The error bar is the standard deviation of mercury conc
Hypothesis (1). the uncertainties in estimating emission quantity and
speciation,

Hypothesis (2). the overestimation of mixing height,

Hypothesis (3). the omission of Hg natural emission,

Hypothesis (4). the uncertainty of Hg chemistry

Hypothesis (5). the overestimation of dry deposition velocity.

The uncertainty in estimating emission quantity ismost likely due to
Hypothesis (1) the uncertainty in Hg content in ore concentrates. Dur-
ing the simulation, the annual mean Hg concentration was used in the
simulation. In practice, the Hg content in ore varies with respect to the
batches of ores (Fig. 2). To address such variability, a sensitivity analysis
of the emission uncertainty of 30% was assumed. The increased smelter
emission had reduced the difference between the observed and simu-
lated GEM concentrations. All the simulated data were within 85% of
the observed concentrations and the underestimation of smelter emis-
sion quantity can explain this. To evaluate the impact of speciation,
the influence of emission speciation was assessed through varying
GEM speciation fractions from 74% to 80% (the highest percentage of
GEM in total Hg in dehydration flue gas during onsite measurements)
in dehydration flue gas, from 7% to 15% in roasting flue gas, and from
50% to 54% in volatilizing flue gas, respectively. Tested results indicated
that the increase in GEM percentage had slight improvement on the
comparison between simulated and observed concentrations of GEM.
The sensitivity of GEM concentrations to mixing height was tested and
the results indicated that when decreasing the mixing height by 10%,
simulated GEM concentration increased by 1%, 2%, 2%, 6%, 5%, and 5%
at ES1–ES6, respectively. Therefore, themixing heightwas not the dom-
inant factor resulting to the underestimation of GEM concentration.

Hypotheses (3)–(5) were assessed based on previous studies. Since
natural emission is a diffuse source and does not significantly modify
the ambient concentration as what was observed (Gbor et al., 2006;
Lin et al., 2005), it is unlikely that Hypothesis (3) was the dominant
cause for the underestimation of simulated GEM concentration.
Hypothesis (4) was not important because of the slow gaseous oxida-
tion kinetics of GEM and the short residence time of Hg in the model
domain (b1 h under typical wind condition). Hypothesis (5) is
g period. (The red columns refer to the geometric mean of mercury concentration in the
entration. n is the number of batches sampled every month.)

image of Fig.�2


Fig. 3.Wind rose (winddirection distribution on Apr 22, 23, 25, and 26) and concentration
of GEM at ES1. The location was chosen based on forecasting. (a) Wind rose (wind direc-
tion distribution on Apr 22, 23, 25, and 26). (b) GEM concentration at ES1 duringmonitor-
ing period. (The error bar at each point represents the standard deviation of observed
mercury concentrations.)

Fig. 4. Comparison of observed and simulated concentrations of GEM. (The error bar at
each point represents the standard deviation of observed mercury concentration.)
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regarding overestimation of dry deposition. The dry deposition velocity
was the output from the MCIP using a resistance deposition scheme.
This method has been evaluated by previous study (Zhang et al.,
2012a) and it is believed that the GEM dry deposition velocity is rela-
tively realistic considering that the simulated GEM concentration
agreed within as less as 5% of measured concentration at 5 non-urban
areas.

Therefore, the most likely cause for the underestimation in GEM
concentration was the underestimated Hg concentration in ore concen-
trates used for the simulation. However, for the long term annual simu-
lation, the model estimated concentration should be representative of
GEM concentration.

3.3. Spatial distribution of Hg in soil

MeanHg concentrations at the 6 sites (0–20 cm depth) ranged from
0.62 to 2.61mg kg−1, with amean of 1.54mg kg−1. Compared to theHg
content (0.11–0.45 mg kg−1) of background soil (80–100 cm depth),
the top soil appeared to be contaminated from the atmospheric de-
position of Hg caused by the nearby point sources. The simulated con-
centration agreed with measured concentration (Hg simulation = 0.7
observation, with r = 0.95 and p b 0.05). The degree of agreement be-
tween the simulated and observed soil Hg concentrations suggested
that themodel estimates for long-term accumulation from atmospheric
deposition were conceivable. The constraint of model results by
measurements in both air and soil is robust compared to the approach
in typical air dispersion studies where only air concentration is applied
to constrain themodel results. Themodel results in this study effective-
ly bridge the gaps of the observational data in this study and demon-
strate the benefits of the integrated model.

Despite potential contribution fromother sources,we estimated that
73–92% of Hg in the soil at the experiment sites was from the non-
ferrous metal smelter. Simulation results indicated that Hg concentra-
tion in soil increased from 0.12 mg kg−1 to 1.77 mg kg−1 in the study
domain (Fig. 5). The most severely impacted area was 1.0 km to
1.5 kmnorthwest and southeast of the smelter. Forty percent of the col-
lected top soil samples at those sites have a Hg content classified as
highly contaminated (N1.50 mg kg−1) according to China's soil pollu-
tion standard (soil environmental quality standards, GB15618-1995).
Soil in the northeast and southwest of the domain was less impacted
by the smelter, based on the soil Hg data (as low as 0.20 mg kg−1).

3.4. Hg accumulation in soil

The contribution of smelter emissions to the surrounding soil can be
correlated with the year when the Pb production line started operating.
From 1960 to 2011, the Zn/Pb smelter emitted approximately 105 t of
Hg into the atmosphere. Considering both the deposition and re-
emission of Hg, we estimated that the emissions led to 15 t of net Hg ac-
cumulation in the soil of study domain. Dry deposition contributed 62%
of the Hg accumulation in soil, and GEM was the dominant deposition
species. Since the concentrate consumption and the APCDs drastically
changed from1960 to 2011, the changed Hg emission rate of this smelt-
er has had a significant impact on the accumulation rate of Hg in the sur-
rounding soil. We estimated that the annual emission in the five phases
of the smelterwere 0.2 t, 4.3 t, 0.3 t, 0.5 t and 0.4 t, respectively. The total
amount emitted and the total amount accumulated in the soil for each
phase are also listed in Table 1. It can be seen that only 3%–15% of Hg
emitted deposited locally and accumulated in the soil surrounding the
smelter. During 1960–2011, 86% of Hg emitted went into the global
pool, indicating that controlling Hg emissions from non-ferrous metal
smelters is also important at a global scale.

The greatest impact of the smelter occurred from1969 to 1990when
annual production increased from 20 kt Pb to 30 kt Pb plus 100 kt Zn.

image of Fig.�3
image of Fig.�4


Fig. 5. Spatial concentrations of mercury in soil contributed by smelter emission generated by the model.
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Although a dust collector (DC) was installed for the production change,
the Hg removal efficiency (b10%) was unable to offset the increased
emission caused by the larger production capacity. The annual Hg net
deposition of 6450 μg m−2 yr−1 during this period had led to an in-
crease of 0.40 mg kg−1 in soil Hg content (Fig. 6). In 1990, the average
simulated concentration in the soil reached 0.41 mg kg−1. The accumu-
lation of Hg in soil slowed down during the period from 1991 to 2000
when the acid plants (AP) were installed andmetal production capacity
remained relatively constant. The implementation of the acid plant
shifted the chemical speciation of Hg emission to RGM from 21% to
88% in the roasting process. The change in the emission speciation in-
creased the efficiency of APCDs to ~99% and resulted in a much greater
fraction of RGM emission that deposited near the emission source. In
August of 2000 and July of 2005, two Hg reclaim towers (RT) were
Fig. 6.Model simulated deposition of GEM, RGM and PBM in the different periods of smelter e
mercury concentration in soil at the end year of each period.
installed for controlling gaseous Hg emission, which further reduced
the accumulation in soil. In 2011, the average simulated concentration
in soil had reached 0.45 mg kg−1. At the sites where soil Hg concentra-
tions were measured, the average simulated concentration reached
1.46 mg kg−1, 95% of the average measured concentration. Compared
with the Hg concentration in Chinese background soil (0.04 mg kg−1,
Wei et al., 1991), the soil in our study domain is heavily polluted, posing
a potential risk to the ecosystem and human health.

4. Conclusions

In this study, an integrated approach was developed to assess the
input of Hg emission from large point sources to the soil. The model
was applied to a Zn/Pb smelter in China and evaluated using the
missions associated with use of different pollution control devices and average simulated

image of Fig.�5
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measurements of Hg in the atmosphere and soil. The degree of agree-
ment between the simulated and observed soil Hg concentrations sug-
gests that the model estimates for long-term accumulation from
atmospheric deposition are conceivable.

From 1960 to 2011, the smelter emitted approximately 105 t of Hg
into the atmosphere, resulting in 15 t of Hg net deposition within
5 km from the source. The deposition increased the Hg concentration
in soil from 0.12 to 1.77 mg kg−1 in the study domain. The greatest im-
pact of the smelter occurred from 1969 to 1990. The annual Hg net de-
position of 6450 μg m−2 yr−1 during this period had led to an increase
of 0.40mg kg−1 in soil Hg content. From 1991 to 2011, atmospheric Hg
emission from the smelter alone increased the average concentration in
soil from 0.41 mg kg−1 to 0.45 mg kg−1.

The integrated model developed in this study provides a useful
approach for assessing the impacts of Hg emission from large point
sources to the surrounding environment. The approach is also applica-
ble to other heavymetals emitted from other large point sources. Appli-
cation of this model in other areas and for other contaminants will
further help evaluate the model performance and improve themethod.
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