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a b s t r a c t

Emission from coal-fired power plants is one of the major anthropogenic sources of mercury (Hg) in the
environment, because emitted Hg can be quickly deposited nearby the source, attention is paid to the
effects of coal-burning facilities on levels of toxic methyl-mercury (MeHg) in biota near such sources.
Since rice is an agricultural crop that can bio-accumulate MeHg, the potential effects of a large Hg-
emitting coal-fired power plant in Hunan Province, China on both inorganic Hg (Hg(II)) and MeHg
distributions in rice was investigated. Relatively high MeHg (up to 3.8 mg kg�1) and Hg(II) (up to
22 mg kg�1) concentrations were observed in rice samples collected adjacent to the plant, suggesting a
potential impact of Hg emission from the coal fired power plant on the accumulation of Hg in rice in the
area. Concentrations of MeHg in rice were positively correlated with soil MeHg, soil S, and gaseous
elemental Hg (GEM) in ambient air. Soil MeHg was the most important factor controlling MeHg con-
centrations in rice. The methylation of Hg in soils may be controlled by factors such as the chemical
speciation of inorganic Hg, soil S, and ambient GEM.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Mercury (Hg) is a highly toxic and non-essential element
(Clarkson, 1998). Both inorganic and organic forms exist in the
environment. The inorganic Hg (Hg(II)) can be transformed into
methyl-mercury (MeHg), the most toxic Hg form, under certain
conditions. The health risks posed by MeHg due to its bio-
magnification in the aquatic food chain are well-known. Trace
amounts of MeHg in water can result in much higher and harmful
concentrations of MeHg in fish and their predators. The con-
sumption of fish has been considered as the major pathway for
human MeHg exposure (WHO, 1990).
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Studies have recently reported that the consumption of rice
rather than fish is the major pathway for human exposure to both
MeHg and Hg(II) in Hg mining regions of China (Qiu et al., 2008;
Zhang et al., 2010a; Li et al., 2015). Rice is a diet staple for many
people around theworld, with daily intake up to 0.5 kg (dryweight)
for the majority of the Chinese population as well as in a number of
other Asian countries (Zhang et al., 2010b; Rothenberg et al., 2014).
The positive correlation, which was observed between rice MeHg
intake and hair MeHg levels in residents from Hg mining areas,
confirmed that the primary pathway of MeHg exposurewas via rice
consumption (Zhang et al., 2010a). A significant positive correlation
between paired results for urine Hg concentrations and serum
creatinine was observed, suggesting that renal injury may occur in
local populations due to Hg(II) exposure (Li et al., 2015).

Coal-fired power plants are considered as the major anthropo-
genic source of atmospheric Hg around the world and currently
contribute to approximately 47% of the industrial Hg emissions in
China (UNEP, 2010; Yin et al., 2014; Xu et al., 2016). Although
gaseous elemental Hg (GEM) emitted from power plants can be
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transported over long distances, significant amounts of oxidized
and particulate forms are deposited nearby. Thus the most highly
impacted areas are in the vicinity (around 3 km) of the power
plants (Carpi, 1997; Flues et al., 2002; Keeler et al., 2006). Due to
China's rapidly growing economy, coal burning power plant asso-
ciated Hg discharged into the atmosphere have also increased at a
high speed, resulting in local Hg deposition loads in China that are
1e2 orders of magnitude higher than those found in North America
and Europe (Fu et al., 2012).

Studies have revealed that atmospheric Hg deposition had a
direct correlation with MeHg accumulation in aquatic food webs
(Fitzgerald and Hammerschmidt, 2005; 2006; Orihel et al., 2007).
Similarly, high rates of atmospheric Hg deposition leads to high
MeHg in rice grains at Hg contaminated sites even when the rice
grows in uncontaminated soils transported in from background
areas rather than in local contaminated soil (Meng et al., 2011).
Researchers also found that variations in atmospheric Hg deposi-
tion can have immediate impacts on fish Hg concentrations (Hrabik
and Watras, 2002). These studies postulated that the amount of
new Hg deposition to the ecosystem is an important source of
bioavailable Hg(II) ready for introduction into the food web. This
suggests that once the atmospheric Hg deposition near an emission
source is enhanced, then a corresponding increase of MeHg in the
biota could be expected.

Rice shows a strong capacity to bio-accumulate MeHg in its
grains (Zhang et al., 2010b). Rice is generally cultivated in water-
flooded conditions, which generate reducing conditions in soil
that are conducive to net Hg(II)-methylation. MeHg in the soil and
water can then be taken up by rice roots and then stored in the
grains (Meng et al., 2012). In mercury mining areas, it has been
shown that newly deposited mercury is easier to be converted into
MeHg and then accumulated in rice (Meng et al., 2011). Never-
theless, it is not well knownwhether local deposition of Hg emitted
from coal-fired power plants will affect absorption of Hg(II) and
MeHg in rice plants. Currently in China, large numbers of paddy
fields are located near coal-burning power plants (Qin et al., 2008;
Xuan et al., 2004), therefore, it is of great importance to evaluate
the impact of Hg emission from coal-fired power plants on both
Hg(II) and MeHg accumulation in rice cultivated in the vicinity of
the power plants.

China is the greatest contributor of SO2 in the world, and coal
burning power plant facilities are the biggest emission source,
contributing for half of the overall SO2 emission in 2005 (Stern,
2005; Xu, 2010). Anthropogenic S deposition rates several times
higher than natural S deposition rates increase the S level in soil
(Eriksson et al., 1992). As the significance of sulfate reducing bac-
teria (SRB) for mercury methylation procedure, increased SO4

2� will
do contribution to enhanced Hg(II)-methylation in lake and
terrestrial ecosystems (Compeau and Bartha, 1985; Orem et al.,
2011; Marvin-DiPasquale et al., 2014). Human activities can not
only influence climate but also S and Hg loading to the environment
(Åkerblom et al., 2013). Some researches show the availability of
SO4

2� for SRB and the bioavailability of inorganic Hg-sulfur com-
pounds play a crucial role in regulating the MeHg level in mire
(Skyllberg, 2008). Sulfate amendment experiments to mires indi-
cate a positive relationship with net MeHg production (Jeremiason
et al., 2006; Åkerblom et al., 2013).

The current study displayed characteristics of Hg(II) and MeHg
in rice effected by S and GEM from proximity to a coal-fired power
plant. We hypothesized that close proximity to a coal-fired power
plant would enhanced Hg and S deposition, which will result in
more S and Hg in paddy soil and subsequently enriched Hg(II) and
MeHg concentrations in rice in the environment nearby a coal-fired
power plant compared with the reference locations further away.
However, we do not know the exact mechanism and distribution
characteristics of Hg(II) and MeHg in rice in the vicinity of a coal-
fired plant. This study is an initial step in testing our hypothesis
and the first time the impact from power plants on nearby rice has
been evaluated.

2. Experimental and materials

The Yueyang Coal-fired Power Plant (YCPP) was selected for the
investigation. This is the largest coal fired power plant in Yueyang
City (population 5.3 million), Hunan Province, China. With a total
capacity of 2 � 600 MW, the YCPP is also the biggest power facility
of its kind in Hunan province, China. The flue gas desulphurization
(FGD) techniquewas employed in 2006, which typically reduces Hg
emissions by 78% (Nolan et al., 2004; Zhang et al., 2008). The YCPP
is adjacent to the Xiangjiang River, along which rice is cultivated.
There were two other potential mercury emission sources, both
located about 5 km downwind from the YCPP. The region has a
humid climate of the northern subtropical monsoon, and prevailing
wind direction is from the southwest. The annual average tem-
perature is 17 �C and annual rainfall is 1300 mm.

2.1. Sample collection and preparation

In September 2011, rice grain samples were collected from 13
sites, which were divided into six separate groups according to the
distances from YCPP (A:#1 and #2; B: #6 and #8; C: #3, #4, #5, and
#9; D: #7 and #10; E: #11, #12; F: #13 and #14) along a northeast
transect (paralleling the river) that spanned a distance of 2e15 km
downwind from the YCPP (Fig. 1). Sampling density was highest
closer to the plant. Each rice sample was collected in quintuplicate
within an area of about 5e10m2 in one site. In situ, rice plants were
cleaned with drinking water. After being transported to the labo-
ratory, ultrapure water rinses, then frozen-dried steps were con-
ducted in steps. The husk were removed from rice seeds with a
pestle and mortar, and then the polished rice were crushed with a
grinder (IKA-A11 basic, IKA, Germany) and sieved through a #80
mesh (size: 177 mm).

Surface soil samples from the rice paddy were co-collected with
rice samples (At two sites around 3 km where rice was harvested
before a sampling, only soils were collected.). Soil samples were
collected quintuplicate in rhizosphere (top 0e20 cm of soil) after
removing impurities (e.g. leaf, stones). At each sampling point, a
final sample consisted of 3e5 subsamples collected within about
5e10 m2 following a diagonal sampling pattern to ensure that the
soil is representative of the site. Soil samples for analysis of total
mercury (THg), MeHg, and selective sequential extraction were
kept in polyethylene bags and frozen immediately after sample
collection. The aim of the selective sequential extraction procedure
is to get different phases of Hg in order to estimate the trans-
formation and potential bioavailability of Hg in the soil (Kocman
et al., 2004). In the laboratory, frozen soil samples were freeze-
dried, grounded with a mortar and pestle and sieved through a
#200 mesh (size: 74 mm). Briefly, bioavailable fractions of Hg were
as follows: water soluble (F1: deionized water), “human stomach
acid” soluble (F2: 0.01 M HClþ0.1 M CH3COOH), and organo-
chelated F3 (1 M KOH) according to Bloom et al. (2003).

At rice sampling sites, a Lumex RA-915þ Portable Hg Vapor
Analyzer (Lumex Ltd., Russia) was employed to obtain gaseous
elemental Hg (GEM) data in ambient air. The detectable limit of
Lumex RA-915þ is 0.5 ng m�3 at a flow speed of 10 l min�1 (Yang
et al., 2009).

2.2. Analysis

For rice THg analysis, approximately 0.5e1.0 g of rice sample
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Fig. 1. Map of the study area. Note the petroleum refinery and the cement plant 5 km downwind from the Yueyang Coal Power Plant (YCPP).

Fig. 2. Distribution of Hg(II) and MeHg concentrations in rice with distance from the
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was digested at 95e140 �C with a mixture of HNO3 and H2SO4 (4:1,
v/v). Rice samples were measured using cold vapor atomic fluo-
rescence spectroscopy (CVAFS) in accordance with Method 1631E
(USEPA, 2002). For rice MeHg determination, approximately
0.2e0.5 g rice sample was weighed for digestion using 25% KOH-
methanol at 75e80 �C for 3 h. Then MeHg in rice samples was
leached with dichloromethane (CH2Cl2) and back-extracted into
water phase for determination based on Method 1630 (USEPA,
2001; Liang et al., 1996). The inorganic Hg (Hg(II)) of rice dis-
cussed below was defined by the subtraction of MeHg from THg
(Lin et al., 2008; Shi et al., 2005a,b).

For soil THg measurement, about 0.1e0.3 g of sample was
heated at 95 �C for 30 min using water bath in a mixed solution of
HCl and HNO3 (3:1, v/v). Then an appropriate amount of digestive
soil solution was determined using cold-vapor atomic absorption
spectrometry (CVAAS), with a detection limit of 0.01 mg kg�1 (Feng
et al., 2007; Qiu et al., 2008). The bio-geochemically relevant frac-
tionations of THg were determined similar to total Hg analysis. For
soil MeHg determination, about 0.2e0.5 g soil sample was extrac-
ted with CH2Cl2 after HNO3 leaching (Liang et al., 1996). Then a
proper amount of digestive solution was used for determination by
GC-CVAFS according to Method 1630 (USEPA, 2001).

Soil total sulfur (S) was measured by an Elementar vario macro
cube (Zhou et al., 2013). Duplicated measurements for S were
performed and the accepted variation of 3 replicated measure-
ments was below 5%. Standard samples were measured in every 10
samples with recoveries in the range of 95%e105% using AR-4018
as the soil S standard.

In all sample analyses, QA/QC of THg and MeHg were executed
using duplicates, method blanks, matrix spikes and standard
reference materials (GBW07405; BCR 580; TORT-2). In rice dupli-
cate samples, the relative percentage difference for THg and MeHg
were <9.8% and <16.5%, respectively. In rice samples, recoveries
from matrix spikes ranged from 104 to 116% for THg and 72e99%
for MeHg. TORT-2 certified material was measured for MeHg and
the average MeHg value (151 ± 7.1 mg kg�1, n ¼ 5) obtained was
consistent with the certified concentration (152 ± 13 mg kg�1). In
rice, the method detection limits for THg and MeHg were
0.013 mg kg�1 and 0.003 mg kg�1, respectively.

In soil sample duplicates, the relative percentage difference for
THg and MeHg were <8.7% and <18.6%, separately. For THg in soil,
certified material (GBW07405) measured, and the average THg
concentration (0.30 ± 0.01 mg kg�1, n ¼ 5) observed was
compatible with the certified value (0.29 ± 0.04 mg kg�1). In the
soil samples, matrix spike recoveries varied from 92% to 107% for
THg and 87%e109% for MeHg. BCR 580 reference material was
determined for soil MeHg, and the achieved MeHg value
(76 ± 6 mg kg�1, n ¼ 5) was compatible with the certified value
(75 ± 4 mg kg�1). The detection limits for THg and MeHg were
0.01 mg kg�1 and 0.002 mg kg�1 in soil, respectively.

2.3. Calculations & statistics

All error terms reported reflect standard deviations. Pearson
correlation statistics were run and the Pearson correlation statistic
(r) is reported. P values associated with correlations <0.05 are
deemed to be significant. Rice Hg(II) ratio was calculated by the
ratio of Hg(II)/THg in rice, meanwhile, riceMeHg ratio was obtained
by the ration of MeHg/THg in rice. Soil BF represents biogeo-
chemical Hg fractions (F1þF2þF3) in soil.

3. Results

3.1. MeHg and Hg(II) in rice

In rice samples, MeHg concentrations varied from 1.7 to
3.8 mg kg�1 with a mean of 2.4 ± 0.72 mg kg�1 (n ¼ 13). The
maximum MeHg concentrations in rice were observed at the sites
1.5 km and 5 km from the YCPP (Fig. 2). The correlation between
rice MeHg concentrations and distance from the YCPP was not
significant (r ¼ 0.56, p < 0.5), even if there is a positive tendency.
Yueyang Coal Power Plant (YCPP).
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In rice samples, Hg(II) concentrations varied from 2.0 to
22 mg kg�1 with an mean value of 5.7 mg kg�1 (n ¼ 13). Hg(II)
contents in rice samples from current study were higher than the
mean of 3.3 mg kg�1 with a range of 2.0e5.8 mg kg�1 in a control site
reported by Meng and coauthors (2010). The maximum value of
Hg(II) concentration was observed in the sample collected at a
distance of 1.5 km from the YCPP. The THg concentration of this
sample (24 mg kg�1) exceeded the Chinese national standard limi-
tation of 20 mg kg�1 for THg in cereal foods (GB2762-2012).
3.2. Total Hg and MeHg in soil

In soil samples, the THg varied from 68 to 220 mg kg�1, with a
mean value of 130 ± 40 mg kg�1 (n ¼ 14) (Fig. 3). Peak concentra-
tions of THg in soil were observed at sites approximately 5 km and
6 km downwind, indicating that impacts may be from both the
YCPP, as well as the petroleum refinery and/or the cement plant.
Except for the highest concentration observed at approximately
5 km from the YCPP, THg concentrations of all the soil samples were
below in agricultural soil standard (THg: 200 mg kg�1) issued by the
Chinese Government.

The MeHg in soil samples ranged from 0.30 to 3.5 mg kg�1 with
an average of 1.6± 1.0 mg kg�1 (n¼ 14). In soils, peak concentrations
of MeHg exhibited a pattern similar to that for THg concentrations.
The higher values of soil MeHg were observed at the two sites
which are 5 km and 10 km away from the YCPP.
3.3. Potential factors controlling MeHg distribution in rice

3.3.1. Soil Hg
MeHg concentrations in rice have strong positive correlations

with both soil MeHg (r ¼ 0.68, p < 0.01) and soil THg (r ¼ 0.66,
p < 0.05). RiceMeHgwas positively correlatedwith biogeochemical
fractions (BF)¼water soluble (F1)þ “human stomach acid” soluble
(F2)þ organo-chelated soluble (F3) (r¼ 0.74, p < 0.005) in soil. Rice
MeHg has no obvious correlation with water soluble (F1) and
“human stomach acid” soluble (F2), however, a positive correlation
with organo-chelated soluble (F3) (r ¼ 0.70, p < 0.05). Meanwhile,
rice MeHg has a weak positive correlation with soil MeHg ratio
(Fig. 4).
3.3.2. Soil S
Sulfur concentrations in soil varied from 0.11% to 0.56% with an

average of 0.30%, were positively correlated with rice MeHg
(r¼ 0.56, p < 0.05) as well as MeHg ratio (r¼ 0.68, p < 0.01) (Fig. 5).
Surprisingly, the S content of soil was inversely correlated with
concentrations of rice Hg(II) (r ¼ �0.54, p < 0.05) and rice Hg(II)
ratio (r ¼ �0.68, p < 0.01).
Fig. 3. Distribution of MeHg and THg concentrations in soil with distance from the
YCPP.
3.3.3. Gaseous elemental mercury
GEM concentrations observed ranged from 21 to 39 ngm�3 with

an average of 28 ± 4.4 ng m�3. Generally, the GEM demonstrated a
decrease trendwith the increase of distance, however, there existed
a peak value around 5 km. GEM in ambient air was positively
correlated to rice MeHg (r ¼ 0.73, p < 0.005). Significant positive
correlations between GEM and soil BF (r¼ 0.68, p < 0.05) as well as
soil S (r ¼ 0.52, p ¼ 0.054) were observed (Fig. 6).

4. Discussions

4.1. MeHg and Hg(II) in rice

The highest concentrations of rice MeHg were obtained 5 km
away from the YCPP. Both the petroleum refinery and cement plant
are located in this vicinity and may be contributing to MeHg
accumulation in rice. The highest Hg(II) concentration in rice was
obtained near 2 km from the YCPP (Fig. 2), and the concentrations
of Hg(II) decline sharply then remained steady with distance from
YCPP. There was however, slightly more Hg(II) in the site near the
refinery and cement factories than further away. There existed a
positive related relation between soil Hg(II) and rice MeHg (Fig. 7),
which indicates that Hg(II) in soil can affect rice MeHg substan-
tially. This suggests that the YCPP contributes most of the Hg(II)
deposition, while the refinery and cement factory might also
contribute some Hg deposition in the area, and the near-source
deposition substantially affects MeHg accumulation in local rice
plants. Furthermore, the high GEM concentrations in ambient air
observed in the region should be related to Hg emission from the
coal fired power plants, which will cause high deposition rates of
atmospheric Hg that could be an explanation for the increase of
MeHg in rice nearby the coal fired power plant. With the Hg
emission from YCPP, inorganic sulfur from refinery plant and
cement plant simulate the MeHg production process in anaerobic
microbes, like sulfate reducing bacteria (SRB) in soil can transform
Hg(II) to MeHg in soil (Trust and Fry, 1992; Barton and Hamilton,
2007; Schuhmacher et al., 2004). This MeHg is then taken up into
rice through the roots (Meng et al., 2011) (cf. Section 3.3).

Previous studies indicated that Hg(II) concentrations in plants
largely depend on GEM in the atmosphere and the above-ground
parts of plants accumulating Hg from the atmosphere (Ericksen
et al., 2003; Fay and Gustin, 2007; Stamenkovic and Gustin, 2009;
Meng et al., 2011). In rice, the highest concentration of Hg(II)
might be mostly attributed to high air Hg emitted from the YCPP
facility. Hence, the enhanced rice Hg(II) found nearby the YCPP was
consistent with the hypothesis that the activity of the coal burning
could result in nearby rice Hg(II) contamination.

The highest value of Hg(II), found in rice samples adjacent to the
YCPP, was not consistent with the observed MeHg in rice. We also
found that levels of Hg(II) in rice grains were negatively correlated
to distances from the YCPP (r ¼ �0.67, p < 0.5). These relationships
suggested that near-source deposition of Hg emission from the
YCPP had significantly higher localized impacts on rice Hg(II)
compared to that on MeHg. A potential explanation for the differ-
ence between rice Hg(II) and MeHg might be that the pathway of
Hg(II) entry into rice plants differs from that by which MeHg enters
into rice plants. Meng et al. (2010, 2012) reported that rice Hg(II)
generally assimilated via atmospheric Hg while MeHg in rice is
absorbed from the soil. Another alternative explanation is that
other environmental parameters, such as sulfur-dioxide emitted
from power plant, that is then converted to sulfate, can affect the
processing of Hg(II)-methylation in paddy soils, thus influencing
rice MeHg absorption and accumulation (Gilmour et al., 1992;
Branfireun et al., 1999; Jeremiason et al., 2006; Åkerblom et al.,
2013).



Fig. 4. The concentrations of rice MeHg versus soil THg, soil MeHg, biogeochemical fractions (BF) ¼ water soluble (F1) þ “human stomach acid” soluble (F2) þ organo-chelated
soluble (F3), as well as the soil MeHg ratio.

Fig. 5. The concentrations of soil S versus rice MeHg, rice MeHg ratio, rice Hg(II), and
rice Hg(II) ratio.

Fig. 6. The concentrations of GEM in ambient air versus soil S, biogeochemical frac-
tions, and rice MeHg.

Fig. 7. The correlations between rice MeHg and soil THg.
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The Joint FAO/WHO Expert Committee on Food Additives
(JECFA) established the provisional tolerable weekly intake (PTWI)
for Hg(II) of 4 mg kg�1 bodyweight (bw) instead of 5 mg kg�1for total
Hg (THg), and 1.6 mg kg�1 bw for MeHg, according to an evaluation
results from a variety of epidemiological studies focused on and
developmental neurotoxicity fish-eating populations (JECFA, 2010).
A daily adult intake of MeHg through rice can cause up to
1.8 mg kg�1 bw MeHg (Qiu et al., 2008). Since rice does not contain
the docosahexaenoic acid (DHA, an omega-3 long chain poly-
unsaturated fatty acid), arachidonic acid (an omega-6), and iodine
as does fish, which can promote neural development (Budtz-
Jørgensen et al., 2007; Jacobson et al., 2008), there is all the more
reason to scrutinize anthropogenic impacts on MeHg in rice as a
staple food.

In the current study, MeHg concentrations in rice samples in
current study had no statistically significant difference with the
average background concentration of 2.9 ± 1.0 mg kg�1 for MeHg
obtained from a control site (Meng et al., 2010). This confirms that
the coal-fired power plant did not lead to serious MeHg accumu-
lation in rice in the area. However, as the IHg in rice suggest YCPP is
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the main GEM source, though lower than results obtained around
5 km, 6 km, and 10 km, a peak value of MeHg concentration in the
rice cultivated nearest to the YCPP, and a decrease trend at first two
groups. The refinery plant and cement can release inorganic sulfur,
which can improve the MeHg production in low IHg condition
(Trust and Fry, 1992; Schuhmacher et al., 2004; Åkerblom et al.,
2013). This phenomenon demonstrated that Hg emission from
the coal-fired power plant does have an impact on MeHg accu-
mulation in rice.

4.2. Total Hg and MeHg in soil

In this research, THg in all the soil samples did not exceed the
PEC, compared with the probable effect concentration (PEC) of
1.06 mg kg�1 (MacDonald et al., 2000), implying no harmful effects
to organisms dwelling in the paddy soil.

Different Hg fractions showed different ratios to THg. The
average ratio of different Hg fractions toTHg in the soils presented a
sequences of F3(42%) > F2(2.85%) >F1(1.77%). For F1, the ratios
ranged from 0.59% to 4%. For F2, the ratios varied from 0.93% to
8.7%. For F3, the ratios ranged from 7% to 61%, and the highest F3
obtained in the nearest site to YCPP. The highest MeHg value of
3.5 mg kg�1 (which comprised 2.4% of THg in that soil) came from
the sample site approximately 5 km from YCPP. This could reflect
influences from the petroleum refinery and the cement plant as
well as the YCPP. Water soluble (F1) mercury has high environ-
mental risk, which can be absorbed by plants directly (Shi et al.,
2005a,b; Issaro et al., 2009). “Stomach acid” soluble (F2) can
represent the bioavailability of Hg inside of organisms (Bloom et al.,
2003). MeHg appears largely in the F3 fraction (Bloom et al., 2003),
and MeHg had a remarkable positive correlation with F3 fraction
(r ¼ 0.59, p < 0.05). Although the MeHg contents in soil are lower
than Hg(II) data, however, what is noteworthy that it is easily
accumulated and of high bioavailability in rice (Meng et al., 2010).

4.3. Potential factors controlling MeHg distribution in rice

Generally, the coal-fired power plants are the largest sulfur di-
oxide (SO2) emitter to the atmosphere, hence resulting in enhanced
levels of sulfate (SO4

2�) deposition, which may stimulate SRB ac-
tivity and influence net MeHg production in aquatic systems
(Branfireun et al., 1999; Jeremiason et al., 2006; Rothenberg and
Feng, 2012). Previous studies also verify that Hg binds strongly to
S containing thiols (Xia et al., 1999; Skyllberg et al., 2000;
Hesterberg et al., 2001; Khwaja et al., 2006; Skyllberg, 2008). In
present research, the content of S and THg as well as MeHg
exhibited positive correlations in soils. Hence SO4

2� deposition
could be considered as a possible factor controlling net MeHg
production in the present study. Xiang (2011) found 13e21 kg S
ha�1 yr�1 deposited into the nearby areas in Hunan Province, which
might be responsible for elevated MeHg in rice.

When the content of total S were higher than 0.2%, fairly low
concentrations of Hg(II) accumulation were consistently observed
in the rice samples. Studies indicated that above-ground parts of
rice uptake Hg(II) mainly from atmospheric Hg (Ericksen et al.,
2003; Fay and Gustin, 2007), however, they obtain MeHg from
soil MeHg (Meng et al., 2010, 2011). Soil S concentrations were
negatively correlated with Hg(II) concentration in grain samples.
This may be due to the conversion of atmospherically derived
sulfate to more reduces S forms (e.g. sulfide and organic associated
thiols), which strongly bind Hg(II) (Skyllberg, 2008) and may
thereby limit Hg(II) uptake from soil into rice. Although, the S
concentrations show positive correlations with riceMeHg contents,
these results indicate that S may also act a crucial role in restricting
the bio-accessibility, uptake, and transportation of the Hg(II) in rice.
This phenomenon may be attributed to the production of Hg-S
insoluble compounds in the paddy soil.

The measured values of GEM at sampling sites were more
elevated than those monitored in urban regions, such as Guiyang,
Chongqing, Changchun, and Guangzhou, which were
10.54 ± 10.26 ng m�3, 6.74 ± 0.37 ng m�3, 18.4 ng m�3, and
4.86 ± 1.36 ngm�3, respectively (Fang et al., 2004; Feng et al., 2004;
Yang et al., 2009; Liu et al., 2011, 2012). Compared to GEM in rural
areas in the range of 1.6e4.0 ng m�3 (Wan et al., 2009; Fu et al.,
2012), the average GEM concentration was10e20 times higher.

We also found weakly positively correlations between GEM and
soil THg and MeHg. Most previous studies have revealed that Hg(II)
in aboveground biomass is from air (Ericksen et al., 2003; Meng
et al., 2010), however, no strong correlations were found in previ-
ous studies of the relationship between GEM and rice Hg(II) (Meng
et al., 2012; Zhang et al., 2010a). In the aboveground parts of plants,
Hg uptake generally occurs at concentrations above a critical at-
mospheric concentration or compensation point, which was re-
ported to range from about 10 to 25 ng m�3 for tree seedlings
(Hanson et al., 1995). In this study, the high concentrations of GEM
with an average value just around the range of compensation point
would be the most plausible explanation for the absence of impacts
on rice Hg(II).

Owing to the considerable amounts of oxidated and particulate
Hg emitted from coal-fired power plants (Tang et al., 2007; Wang
et al., 2010; Wu et al., 2012) and their rapid local deposition rates
(Keeler et al., 2006), sampling sites close to coal-fired power plants
are easier to undergo higher atmospheric Hg deposition than eco-
systems farther away. These elevated Hg deposition rates could
lead to elevated MeHg uptake from soil in rice, since newly
deposited Hg is more easily converted to MeHg (Meng et al., 2010,
2012). This means that levels of GEM in ambient air plays an
important role for Hg deposition, which in turn promotes rice
MeHg accumulation. This could be the best explanation for high
levels of GEM correlating to high rice MeHg (Fig. 5). Although the
rice was slightly polluted in the study area, the GEM concentrations
were extraordinarily high; indicating that the amount of Hg dis-
charged from ambient industrial effluents was also likely very high.
This also indicates that there exists Hg contamination risk for rice in
areas with high GEM levels due to the industrialization in China.

5. Conclusions

This study demonstrates that the Hg emissions from coal-fired
power plants can increase both the Hg(II) and MeHg of rice. Posi-
tive correlations of rice MeHg with soil Hg species, soil S, and GEM
were observed. Furthermore, we also found indications that other
facilities significantly contributed to the MeHg production in the
soil. The ambient air GEM and soil S both enhanced MeHg levels in
rice. Nevertheless, soil S was also negatively correlated to rice up-
take of Hg(II) from soil. Since the amount of rice samples in this
study was limited by the limited rice planting in the study area,
more comprehensive sampling in space and time around other
major coal plants would be of value.
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