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phytoextraction in Hg-impacted ripar-
ian zones.
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The Baihua Reservoir (Guizhou Province, Southwest China) has a history ofmercury contamination associatedwith
past acetic acid production activities at theGuizhouOrganic Chemical Plant (GOCP). Soil and plant samples collected
from riparian zones were analyzed for total Hg (THg) andmethylmercury (MeHg) using cold vapor atomic fluores-
cence spectroscopy. The concentrations of THg andMeHg in soil samples were in the range of 109–371 ng g−1 and
0.32–1.80 ng g−1, respectively. Soils in the riparian zones close to the pollution source (the GOCP) presented higher
Hg contamination, with relatively light Hg contamination in remote areas. This suggests a decreasing trend of THg
concentrations along the riparian zones, with higher concentrations closer to the pollution source. Significant corre-
lations were found between MeHg and soil organic matter (n = 24, p = 0.01). THg concentrations varied
11.3–161 ng g−1 in aboveground areas and 11.3–193 ng g−1 in underground areas. MeHg concentrations ranged
from 0.23 to 1.06 ng g−1 in aboveground areas to 0.13–1.51 ng g−1 in the below ground areas. The vegetation stud-
ied showed different concentrations of THg andMeHg and can be considered to be impacted by Hg contamination.
Different concentrations of total and methyl mercury were found among the different plant species. The high Hg
concentrations in soils and vegetation suggests that the ability of Hg to bioaccumulate in riparian plants is affected
by plant physiological characteristics and soil mercury concentrations. Although the bioaccumulation factors (BCFs)
of the studied plants were low, their transfer factors (TFs) were N1. Our findings suggest that vegetation exhibiting
TFs for THg N1 have the potential for phytoextraction in Hg-impacted riparian zones.
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1. Introduction

Mercury (Hg) is an element in the earth's crust and has no physio-
logical benefits to the human body. Methylmercury (MeHg) is among
the most toxic chemical forms of Hg in the environment and can be
bioaccumulated in organisms (Mergler et al., 2007; Taylor et al.,
2012). Biomagnifications of MeHg have been observed in freshwater
and marine food chains (Campbell et al., 2005; Kidd et al., 2012; Kim
et al., 2012). In recent decades, mercury contamination caused by
human activities, such as coal combustion (Feng et al., 2002; Li et al.,
2017; Perez et al., 2019), mining (Covelli et al., 2001; Qiu et al., 2006),
and industrial production (Yan et al., 2008; Perez et al., 2019) is a global
issue (Mergler et al., 2007), threatening the safety of local ecosystems
and lives (Driscoll et al., 2007; Liang et al., 2017). Mercury contamina-
tion in various environments including reservoirs, is therefore associ-
ated with health risks.

Reservoirs are considered to be Hg-sensitive ecosystems (St Louis
et al., 2004), due to damming and impounding and significantly altering
the initial environmental conditions. The changes in environmental
conditions have a profound impact on the Hg cycle in reservoirs (Hall
et al., 2005; Zhao et al., 2017). For example, water impoundment results
in the conversion of the initial soil environment from aerobic to anaer-
obic and promotes the decomposition of plant residues, ultimately stim-
ulating the methylation of Hg (St Louis et al., 2004; Zhao et al., 2017).
Fig. 1. The locations of
Mercury concentrations in sediments (Yan et al., 2008), surface water
(Feng et al., 2004), and aquatic organisms (Campbell et al., 2005; Kidd
et al., 2012; Kim et al., 2012) increase due to the exogenous mercury
contamination of reservoirs. In addition, this contamination extends be-
yond the reservoir and can also dramatically alter mercury processes in
riparian ecosystems.

Contaminants can enter riparian zones from adjacent water (Lee
et al., 2000; Vidon et al., 2010); as a result, riparian soils exhibiting
high THg concentrations have been frequently reported in the literature
(Jackson et al., 2019; Pant et al., 2011; Qiu et al., 2005b). A recent study
has reported the methylation of Hg, attributed to the presence of meth-
ylatingmicroorganisms, in riparian zones (Du et al., 2017). Thismethyl-
ation process is influenced by environmental factors such as Hg
concentration and availability and organic matter (Liang, 2013; Meng
et al., 2016). Furthermore, high concentrations of MeHg were found in
riparian soils (Pant et al., 2011; Qiu et al., 2005b). Elevated Hg concen-
trations in riparian zones bring environmental risks and need to be
investigated.

Many studies have demonstrated that Hg, including the highly toxic
MeHg species (Witt et al., 2009), can be taken up by plant roots from
soils. After root assimilation, mercury can be transported to the above-
ground portion of the plant via the transpiration stream, and gradually
exhibit a certain concentration (Qian et al., 2019). Therefore, plants
may play a significant role in Hg transfer and accumulation in the
the sampling sites.
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environment. Studies have reported the potential of some plants for soil
Hg phytoremediation (Fernandez-Martinez et al., 2015; Zhao et al.,
2019). Increased concentrations of THg and MeHg in the riparian soils
from contaminated reservoirs suggests an exposure risk to plants.
Under this scenario, riparian plants may accumulate more Hg via
roots. However, the distribution from the reservoir of Hg in the different
morphological portions of riparian plants such as above and below
ground, remains unclear. The bioaccumulation and transfer factor can
be employed to analyze Hg transfer in soil-plant systems (Fernandez-
Martinez et al., 2015; Qian et al., 2019).

The Baihua Reservoir (BR) was chosen for this study. It is the only
known reservoir in China and is reported to have been heavily contam-
inatedwith Hg from theGuizhou organic chemical plant (GOCP), which
used mercuric sulfate as a catalyst to produce acetic acid (Feng et al.,
2010). The main objectives of this study are i) to evaluate the pollution
risks of THg andMeHg in soils, and ii) to illustrate the distribution char-
acteristics of THg and MeHg in riparian plants.

2. Materials and methods

2.1. Site description

The Baihua Reservoir (BR) (106°27′–106°34′ E, 26°35′–26°42′
N) was constructed and impounded in 1966. It is situated 16 km north-
west of Guiyang City, the capital of Guizhou Province in southwest
China. The BR is long and narrow (18 km long and 0.8 km mean
width), with one main input flow and one output flow. Its watershed
covers 1895 km2. The climate of this area is subtropical, with rainymon-
soons, an average annual rainfall of 1200mm, and an annualmean tem-
perature of 13.8 °C.

Between 1971 and 1997, the BR experienced severe Hg contamina-
tion (Feng et al., 2010; Yan et al., 2008) from the Guizhou Organic
Chemical Plant (GOCP),which usedmercuric sulfate as a catalyst to pro-
duce acetic acid. GOCP is located in the upper reach of the reservoir
(Fig. 1). From 1971 to 1985, Hg-laden untreated effluents from GOCP
were discharged directly into the Zhujia River and flowed into the BR.
In 1985, theGOCP adopted a Hg removal device to preventHg discharge
into the Zhuajia River and since 1997, GOCP has ceased using Hg tech-
nology to produce acetic acid. Table S1 shows the Hg levels in BR for dif-
ferent periods. For this work, soil and plant samples from the riparian
zones were collected and examined.

2.2. Sample collection and preparation

Sampling was conducted in October 2016. For soil sampling, three
parallel sub-sites were selected randomly at each sampling site. At
each sub-site, five undisturbed samples were collected vertically from
a soil depth of 0–20 cm and were mixed into a composite sample.
Plant sampling followed a protocol described previously (Li et al.,
2017). At each sampling site, plants growing well were selected ran-
domly and retrieved in their entirety with a shovel. For transport to
the laboratory, the composite soil and fresh plant samples were stored
in clean polyethylene bags and stored in opaque plastic boxes with ice
packs.

In the laboratory, coarse particles and biological debris were re-
moved from the soil samples. The fresh plant samples were rinsed
with tap water and then washed three times with ultrapure water
(UW) to thoroughly clean the dirt. Each individual plant was divided
into below ground and above ground biomass. The soil and plant sam-
ples were then freeze-dried in a dark environment.

The soil sampleswere ground through a 150 μmsieve. Plant samples
were broken using a powder machine. The soil and plant powder sam-
ples were stored in clean polyethylene bags in a dark, cool
environment (−20 °C) for further analysis. The THg and MeHg results
are presented as dry materials in this study.
2.3. Sample analysis

2.3.1. THg analysis
The determination of THg in soil was performed by aqua regia diges-

tion in a water bath coupled with cold vapor atomic fluorescence spec-
trometry (CVAFS) (Li et al., 2005). Approximately 0.2 g of dry soil
sample was weighed into a pre-cleaned 25 mL glass colorimetric tube
and 5 mL of UW and 5 mL of aqua regia (HCl:HNO3 = 3:1, v/v) were
added in turn and digested at 95 °C for 5 min in a water bath. Then,
1 mL of BrCl solution (2.7 g of guaranteed reagent KBr and 3.8 g guaran-
teed reagent KBrO3 were dissolved in 250 mL of HCl) was added to di-
gest continuously at 95 °C for 30 min. After cooling, the digestion
solution was fixed to 25 mL with UW and then reacted for N24 h.
Then, 0.2. mL of NH2OH·HCl solution (25 g of guaranteed reagent
NH2OH·HClwas dissolved in 100mL of UW)was added to the digestion
solution to reduce excess BrCl solution. The pre-concentration of the
clarified digestion solution was performed according to steps described
in the literature (Liang et al., 2001). Finally, the determination of THg
was performed by CVAFS (Model III, Brooks Rand, USA).

The digestion with HNO3 was employed to analyze the THg in the
plants (Zheng et al., 2006). Approximately 0.2 g of dry plant sample
was weighed into a 25 mL glass colorimetric tube, 5 mL of HNO3 was
added, and the mixture was digested at 95 °C for 3 h in a water bath.
Then, 0.5 mL of BrCl solution was added and allowed to react for
N24 h, after which 0.2. mL of NH2OH·HCl solution was added to the
digestion solution to reduce excess BrCl solution. The next pre-
concentration and analysis steps were consistent with the determina-
tion of soil THg, as described above.

2.3.2. MeHg analysis
The analysis ofMeHg in soil was performed following He et al., 2004.

Approximately 0.2 g of soil was placed into a clean 50 mL centrifuge
tube and 1.5 mL of 2 mol L−1 CuSO4 solution and 7.5 mL of 25% (v/v)
HNO3 were added, in turn. The extract and reverse extraction steps
were performed. Then, 10 mL CH2Cl2 was added to the tube and shaken
for 30 min. The tube was then centrifuged at 3000 rpm for 30 min. The
CH2Cl2 layer was pipetted into another clean 50mL centrifuge tube. Ap-
proximately 45mL of UWwas added to the tube which was placed in a
water bath at 45 °C until the visible CH2Cl2 was volatilized. The temper-
aturewas then increased to 80 °C to remove the residual CH2Cl2 by pure
nitrogen gas. The liquid in the tube was brought to 50 mL with UW. An
appropriate volume (generally 15mL) of the liquid was transferred to a
pre-cleaned borosilicate glass bottle andbrought to 80mLwithUW. The
pH of the liquid was adjusted to 4.5. Finally, 0.1 mL of ethylation reac-
tion reagent was added to the liquid, and the aqueous phase ethylation
was reacted for 15 min under sealed conditions. After the tenax-
collection step (Liang et al., 1994), MeHg was determined using CVAFS.

The digestion procedures for plant MeHg followed a previous
method (Qiu et al., 2005a). Approximately 0.2 g of plant sample was
weighed into a 50 mL centrifuge tube, then 5 mL of KOH solution
(25 g of guaranteed KOH dissolved in 100 mL of UW) was added to
the tube and digested at 75 °C for 3 h in a water bath. After cooling,
the digestion solution was adjusted to acidity (pH = 1–2) with an
approriate HCl (approximately 3 mL) and then, the next extraction
and reverse extraction stepswere performed following the analysis pro-
cedure of soilMeHg as outlined above. Finally,MeHgdeterminationwas
performed by CVAFS.

2.3.3. Determination of SOM in soil samples
The soil organic matter (SOM) concentration was measured by wet

digestion (Meng et al., 2016). Approximately 0.1 g of dry soil sample
was weighed into a cleaned centrifuge tube, with 10 mL of H2SO4 and
5mL of 1 mol L−1 K2Cr2O7 in a 100 °Cwater bath for 15 min. The diges-
tion solution was transferred to a triangle bottle and fixed to 120 mL
with UW. The solution was then titrated to red with 0.2 mol L−1

FeSO4 solution under the indicator of o-phenanthroline.
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2.3.4. Bioaccumulation factors and transfer factors
The bioaccumulation factor (BCF) and transfer factor (TF) from

below to above ground were calculated using the following formula
(Fernandez-Martinez et al., 2015):

BCF ¼ Cabove=Csoil

TF ¼ Cabove=Cbelow

where Cabove is the concentration of THg in the above ground portion
(ng g−1), Cbelow is the concentration of THg in the below ground portion
(ng g−1), and Csoil is the concentration of THg in soil (ng g−1).

2.4. QA/QC

Certified reference materials, method blanks, and sample replicates
were employed as part of the analytical quality control of the THg and
MeHg determination. The recovery of THg from the soil in GSS-5
(GBW07405) was between 101.2% and 120.5%, and for soil MeHg in
ERM-CC580 the recovery was between 82.6% and 105.9%. Moreover,
THg recovery in plants ranged between 96.3% and 107.3% in GSB-11
(GBW10020) and between 94.5% and 100.6% for MeHg in
ERMI-464CE. The relative standard deviation (RSD) ranges for duplicate
sample analysis of THg andMeHgwere 1.0–13.1% and 0.6–5.7%, respec-
tively. The method detection limits for THg and MeHg analysis were
6 ng g−1 and 0.003 ng g−1, respectively.

2.5. Statistical analysis

Statistical variations for Hg concentrations were determined using
the ANOVA analysis at p b 0.05. Pearson Correlation Coefficientwas con-
ducted between different parameters. The significance level was set at
p b 0.05.

3. Results

3.1. Hg in soils

Table 1 shows the concentration variations of THg and MeHg in ri-
parian soils.

High THg concentrations were recorded at sites BR1, BR2, BR3, BR4,
and BR5, and ranged between 304 and 371 ng g−1. These results were
approximately three times that of other sites (BR6, BR7, and BR8), indi-
cating a significant variation (ANOVA, p b 0.05) of THg along the riparian
zones.

No significant variation was found for MeHg concentrations in soil
samples. However, it was significantly correlated with soil organic mat-
ter (n = 24, p = 0.01) (Fig. 2).

3.2. Hg in vegetation

For THg, the concentrations varied from 11.3 to 161 ng g−1(above
ground) and 11.3–193 ng g−1 (below ground). For MeHg, the concen-
trations ranged from 0.23 to 1.06 ng g−1 (above ground) and
0.13–1.51 ng g−1 (below ground). The vegetation examined showed
different concentrations of THg and MeHg (Table 1).

The highest concentrations (193 ng g−1) of THgwere found in Polyg-
onum hydropiper in its below ground plant portion. This species grows
at the BR5 site, which has high THg concentrations in the soil. The con-
centrations of THg in below ground plant portions were higher than
100 ng g−1 in Solanum nigrum (collected from BR5 site) and Rumex
japonicus (BR3). The soils these plant species grow in had similarly
high THg concentrations.

Higher MeHg concentrations in below ground plant portions were
found in Solanum nigrum (BR3), Conyza canadensis (BR3), Cynodon
dactylon (BR2), and Gnaphalium affine (BR2). These results were higher
than 1 ng g−1. Moreover, the soils collected from the BR2 and BR3 sites
showed high MeHg levels.

Total Hg concentrations in plants were lower than those in soils.
However, several plant species, for example, Solanum nigrum (BR3)
and Cynodon dactylon (BR2), had higher MeHg concentrations in their
biomass than that present in the soil.

3.3. BCF and TF

Vegetation can absorb mercury from the atmosphere (Qian et al.,
2019; Zhao et al., 2019) and therefore, a correction of the BCF and TF
by subtracting this proportion of Hg concentration was considered
more feasible for evaluating the bioaccumulation and the transfer of
Hg in the vegetation accurately. Fernandez-Martinez et al., 2015 re-
ported that free elemental Hg absorbed from the atmosphere generally
accounts for 7% of THg in vegetation grown in Hg-polluted soils. Based
on this finding, the results of BCF and TF are shown in Fig. 3.

The range of BCFs for THg was 0.10–0.30. The highest value was
found in Echinochloa crusgali. The TF values for THgwere always higher
than 1. Crassocephalum crepidioides showed the highest TF value.

4. Discussion

4.1. Geospatial variations in soil Hg

In this study, the concentrations of THg in soils collected from the
BR1, BR2, BR3, BR4, and BR5 sites were approximately three times
higher than the reference background level of 110 ng g−1 THg in Gui-
zhou Province, China (Tang et al., 2017). These data were also higher
than those in other sites (BR6, BR7, and BR8); therefore, we consider
that the BR1, BR2, BR3, BR4, and BR5 sites were Hg-impacted. The con-
centrations of THg in soils collected from BR6, BR7, and BR8 sites were
close to the reference value. This suggests that these sites were slightly
affected by mercury and sites such as BR6 site can be considered non-
polluted.

According to the geographical location of the sites, theBR1, BR2, BR3,
BR4, and BR5 sites with heavy Hg pollution are close to the pollution
source (GOCP). However, the BR6, BR7, and BR8 sites are located in re-
mote riparian zones close to GOCP. This suggests a decreasing trend of
THg concentration along the riparian zones, with higher concentrations
closer to the pollution source of Hg contaminants (GOCP). Similar find-
ings were reported by other studies such as Qiu et al., 2005b, who ob-
served higher concentrations of soil THg near an abandoned Hg mine
than at other remote locations. Pant et al., 2011 also reported a decreas-
ing trend in Hg concentrations along the riparian zones of a creek,
where Hg was seriously contaminated by Hg discharged from the up-
stream energy department.

Hg in soil can accumulate over time in the presence of a continuous
addition of Hg from adjacent polluted surface water (Jackson et al.,
2019; Pant et al., 2011). Several studies have reported a decreasing
trend of THg in surface water and sediments in deepwater and
shoalwater areas along the Baihua Reservoir (Long et al., 2018; Zhang,
2016; Yan et al., 2008). Their findings concord with this study. It is sug-
gested that the riparian zones closer to the GOCP are likely to be ex-
posed to higher concentrations of Hg, giving rise to a decreasing trend
of Hg along the riparian zones of Baihua Reservoir.

All sites were shown to have quantifiable MeHg. Several studies
have considered concentrations of MeHg N1 ng g−1, which is indicative
of contaminated soils (Perez et al., 2019; Guedron et al., 2011; Feng
et al., 1997). This value was lower than the MeHg concentrations in
the BR1, BR2, BR3 and BR7 sites and therefore, these riparian zones
can be considered as contaminated. Based on this reference value, we
consider the BR4, BR5, BR6 and BR8 sites to be non-impacted.

The geospatial variation of MeHg along the riparian zones was sim-
ilar to that of THg. The BR1, BR2, and BR3 sites are closer to the GOCP
with their higher MeHg concentrations. The lowest concentrations of



Table 1
THg and MeHg concentrations (ng g−1) in soils and vegetation, different letters (a to b) implicate significant differences (p b 0.05) among sampling areas.

Species Plant part BR1 BR2 BR3 BR4 BR5 BR6 BR7 BR8 Mean ± sd

Alternanthera philoxeroides THg Above – 11.7 30.7 17.6 46.8 36.7 38.7 – 30.3 ± 13.3
Below – 12.4 35.9 19.0 35.2 23.6 23.8 – 25.0 ± 9.16

MeHg Above – 0.36 0.28 0.57 0.32 0.23 0.30 – 0.34 ± 0.11
Below – 0.28 0.19 0.84 0.70 0.28 0.28 – 0.42 ± 0.26

Conyza Canadensis THg Above 33.9 – 79.1 – 43.9 57.4 63.2 – 55.4 ± 17.4
Below 11.6 – 24.7 – 52.2 29.0 67.9 – 37.0 ± 22.5

MeHg Above 0.49 – 0.54 – 0.38 0.42 0.61 – 0.48 ± 0.09
Below 0.41 – 1.14 – 0.25 0.32 0.20 – 0.46 ± 0.38

Crassocephalum crepidioides THg Above 69.9 81.6 53.7 – 93.7 – – – 74.7 ± 17.0
Below 54.4 66.5 15.5 – 29.3 – – – 41.4 ± 23.2

MeHg Above 0.27 0.76 0.47 – 0.39 0.56 – – 0.48 ± 0.18
Below 0.16 0.52 0.42 – 0.13 0.49 – – 0.34 ± 0.18

Cynodon dactylon THg Above 93.2 161 92.3 – 30.3 41.1 22.8 – 73.3 ± 52.5
Below 21.9 94.2 26.6 – 39.0 72.3 35.4 – 48.2 ± 28.6

MeHg Above 0.48 0.75 0.24 – 0.35 1.06 0.28 – 0.52 ± 0.32
Below 0.59 1.29 0.30 – 0.40 0.84 0.21 – 0.60 ± 0.40

Echinochloa crusgali THg Above 65.7 – – – – 41.6 47.5 – 51.5 ± 12.5
Below 28.0 – – – – 39.7 22.5 – 30.0 ± 8.77

MeHg Above 0.30 – – – – 0.42 0.50 – 0.40 ± 0.10
Below 0.59 – – – – 0.36 0.40 – 0.44 ± 0.12

Gnaphalium affine THg Above 52.9 106 – – – 39.5 – – 66.1 ± 35.1
Below 38.4 76.3 – – – 62.8 – – 59.1 ± 19.2

MeHg Above 0.26 0.42 – – – 0.41 – – 0.36 ± 0.09
Below 0.16 1.37 – – – 0.57 – – 0.69 ± 0.61

Hemarthria altissima THg Above 52.8 11.3 35.6 100 27.0 – 57.7 – 47.4 ± 30.9
Below 37.6 12.5 25.6 69.5 34.9 – 67.6 – 41.2 ± 22.8

MeHg Above 0.38 0.26 0.28 0.45 0.35 – 0.47 – 0.36 ± 0.08
Below 0.49 0.40 0.45 0.37 0.56 – 0.34 – 0.43 ± 0.08

Polygonum hydropiper THg Above 62.9 – 38.0 – 50.2 68.5 34.8 – 50.8 ± 14.8
Below 11.8 – 55.7 – 193 56.6 37.4 – 70.9 ± 70.6

MeHg Above 0.37 – 0.26 – 0.26 0.43 0.36 – 0.33 ± 0.07
Below 0.33 – 0.25 – 0.70 0.62 0.17 – 0.41 ± 0.23

Rumex japonicus THg Above 76.1 35.6 39.5 – 49.9 98.7 40.6 – 56.7 ± 25.2
Below 83.2 33.9 144 – 30.4 20.9 33.6 – 57.7 ± 47.7

MeHg Above 0.49 0.59 0.31 – 0.35 0.70 0.40 – 0.47 ± 0.15
Below 0.71 0.60 0.20 – 0.55 0.34 0.25 – 0.44 ± 0.20

Setaria viridis THg Above 25.4 – 39.4 – 38.5 – – – 34.4 ± 7.87
Below 25.5 – 24.1 – 11.3 – – – 20.2 ± 7.78

MeHg Above 0.25 – 0.40 – 0.43 – – – 0.36 ± 0.09
Below 0.26 – 0.27 – 0.29 – – – 0.27 ± 0.01

Solanum nigrum THg Above – – 50.9 – 161 – 40.3 – 84.1 ± 66.8
Below – – 19.1 – 108 – 60.0 – 62.2 ± 44.2

MeHg Above – – 0.28 – 0.23 – 0.45 – 0.31 ± 0.11
Below – – 1.51 – 0.49 – 0.68 – 0.89 ± 0.54

Soil sample THg 304a 371a 323a 347a 340a 109b 128b 134b

MeHg 1.80a 1.00a 1.40a 0.56a 0.79a 0.61a 1.20a 0.32a

Distance to GOCP (km) 11 12 13 13 14 14 16 18
Soil organic matter (%) 7.50 7.10 8.70 3.80 3.70 6.40 6.00 3.60
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MeHg were found at the BR8 site which is the farthest from GOCP. The
similar geospatial variation between THg and MeHg suggests that THg
could influence the distribution of MeHg. Several studies have reported
that soils with higher THg concentrations show higher MeHg levels due
to more inorganic Hg used to methylate (Qiu et al., 2005b; Meng et al.,
2014). In addition, MeHg showed a significant correlation with soil or-
ganic matter, which was in agreement with other report (Meng et al.,
2016). This could be because organic matter provides nutrients for
methylated microorganisms (Liang, 2013).

However, the sites of BR4 and BR5 showed higher soil THg concen-
trations, with no MeHg risks. The BR7 site with MeHg contamination
showed high soil organic matter and low THg concentrations. These
findings suggest that Hg methylation in the riparian zone is influenced
by other factors such as physicochemical parameters, Hg availability,
and biological activity (Yudovich and Ketris, 2005; Center, 2001; Carpi,
1997).

4.2. Mercury distribution in vegetation

The concentrations of THg in the vegetation studied were higher
than those found in other areas with lower soil THg levels such as the
riparian zones of the Three Gorges Reservoir in China (1.62 to
49.4 ng g−1) (Liang et al., 2015), and Sanjiang Plain in China (23.1 to
82.5 ng g−1) (Liu et al., 2004). However, the THg concentrations in veg-
etation growing at the Hg mine sites in Almaden and Badajoz in Spain
(Fernandez-Martinez et al., 2015) and moss samples growing in
Wanshan Hg mine districts in China (Qiu et al., 2005b) were signifi-
cantly higher than those recorded in the current study. The MeHg con-
centrations in the vegetation studied here were higher than those
reported in other unpolluted areas such as Lovca in Slovakia (0.02 to
0.06 ng g−1) (Dombaiova, 2005), but lower than those reported in
some mining districts such as Asturias in Spain (2.30–7.50 ng g−1)
(Fernandez-Martinez et al., 2015), and Guizhou in China (10.8 to
132 ng g−1) (Meng et al., 2014). These comparisons suggest that the
THg andMeHg in the vegetation studiedherewere atmoderate concen-
trations and could be considered to be affected by Hg contamination.

The vegetation in this study had different morphological and physi-
ological characteristics. These differences resulted in different concen-
trations of Hg accumulated in the vegetation. For example, Solanum
nigrum showed high concentrations of THg and MeHg in its below
ground portion. This plant species was found to have the potential for
phytoremediation of contaminated soil and subsequently accumulated



Fig. 2. Correlation plots of MeHg vs. SOM in riparian soils.
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high concentrations of Hg (Girdhar et al., 2014). Moreover, vegetation
growing in soils with higher Hg concentrations exhibited higher Hg
concentrations. This suggests that mercury accumulation depends not
only on soil pollution, but also on the plants under consideration and
their ability to incorporate it. Although the concentrations of THg in
some plant species were high, they did not exceed that in the soils.
Some species, however, had MeHg concentrations higher than those
in the soils. This may be due to the bioconcentration characteristics of
MeHg (Campbell et al., 2005; Kidd et al., 2012). For example,MeHg con-
centration in the below ground portion of Cynodon dactylonwas higher
than that in the soils. Liang et al. (2015) reported that this species had
developed roots and therefore could accumulate more MeHg.
4.3. Potential for phytoextraction

In this study,we adopted BCF and TF to evaluate the accumulation and
transfer of Hg in vegetation. The BCFs for the vegetation investigatedwere
Fig. 3. BCF and TF for THg in vegetation.
low, and similar to the plants in themining area of Almadén (0.004–0.49)
(Millan et al., 2006; Moreno-Jimenez et al., 2006). The low BCF values are
likely due to the THg concentrations of the riparian soils being mainly
present in very insoluble forms as elemental Hg or matrix-bound Hg.

The TFs for the vegetation investigated were always higher than 1, a
critical characteristic value associated with accumulator plants (Zhao
et al., 2019; Baker et al., 1994). This may be due to soil Hg contamina-
tion, resulting in stress on the roots, which drove the Hg to translocate
to the above ground plant portion to alleviate its stress on the roots. In
general, vegetation with TF N1 has the potential for phytoextraction.
5. Conclusions

Compared to the reference values, the soils in the riparian zones
close to the pollution source of Hg (GOCP) presented higher Hg contam-
ination, with relatively light Hg contamination in remote areas.

We found a decreasing trend of THg concentrations along the ripar-
ian zones, with higher concentrations closer to the pollution source of
Hg contaminants (GOCP). MeHg showed a significant correlation with
soil organic matter.

The vegetation studied here can be considered to be impacted by Hg
contamination. Different concentrations of total and methyl mercury
were found among the different plant species. Higher Hg concentrations
in the soils and higher Hg concentrations in the vegetation suggest that
the mercury accumulation ability of riparian plants is affected by plant
physiological characteristics and soil mercury concentrations.

Although the BCFs of the plants examined were low, their TFs were
N1, which indicates their potential for phytoextraction in Hg-impacted
riparian zones.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.139794.
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