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Abstract
Purpose To make up for the deficiency of the distribution characteristics of mercury (Hg) pollution in soil and rice in a specific
area, the relationship between more than ten soil indices and Hg in soil-rice system was analysed, and the main factors affecting
mercury accumulation in rice were screened out. So as to provide reliable theoretical and scientific basis for the regulation and
safe utilization of Hg-contaminated soil.
Methods The Hg-polluted area of Siqian Dam, with a paddy field area of 1.34million square meters, was selected as the research
unit. Soil and corresponding rice samples were collected and analysed. Then, common Kriging interpolation was used to explore
the spatial distribution differences of mercury content between soil and rice, Pearson correlation analysis and stepwise linear
regression were used to analyse the relationship between mercury content and 14 soil indices.
Results In the study area, the total mercury(THg) content in soil and rice was as high as 30.60 mg/kg and 160.19 µg/kg,
respectively, and the methyl mercury(MeHg) content was as high as 14.56 µg/kg and 40.32 µg/kg, respectively, indicating that
mercury pollution in soil and rice was serious. The horizontal spatial distribution of soil THg andMeHgwas different. Floodwith
its sediment and topography were the main reasons for the uneven distribution of Hg content in the region. The spatial distri-
bution of Hg was different between rice and soil. There was no significant correlation between rice and soil THg, but there was a
significant correlation between rice and soil MeHg content. Among the 14 soil indices, available potassium was a vital index
affecting the accumulation of Hg in rice, followed by pH, Zn, Mn and Fe.
Conclusions The results showed that in weakly acidic and fertile soil, the appropriate reduction of soil pH, OM and available Se
and Cr contents could inhibit soil Hg methylation, the reduction of potassium fertilizer application could further reduce rice Hg
accumulation.
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Introduction

Agencies such as the United Nations Environment
Programme, the World Health Organization (WHO), the
European Union (EU) and the United States Environmental

Protection Agency (USEPA) have made mercury (Hg) a pri-
ority for controlling contaminants [1, 2]. Hg is a global pol-
lutant [3], due to it has highly bio-toxicity, persistence, bio-
accumulation and widespread contamination [4, 5]. The bio-
availability, migration, toxic and ecological effects of mercury
strongly rely on its chemical speciation [6]. There are different
forms in the environment, such as metal, inorganic and organ-
ic mercury compounds. Methylmercury (MeHg) is the most
toxic mercury compound with high neurotoxicity, carcinoge-
nicity, cardiovascular toxicity, reproductive toxicity, immune
system effects and renal toxicity [7, 8]. Inorganic mercury
(IHg), undergoing biotic and abiotic processes, can be trans-
formed to MeHg [6, 9, 10]. Recently, studies indicated that
rice consumption, which grown in Hg-contaminated paddy
soil, was the major MeHg route to inhabitants [7, 11]. Rice
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is a vital food crop worldwide, and intake of polluted rice
could pose a severe potential health threat to human beings
[12], especially pregnant women and infants [13].

The distribution of Hg resources is relatively concentrated,
and large mercury deposits are mostly distributed in southwest
China. The Guizhou Province was a major Hg production
region in China [14]. Tongren City was the most active mer-
cury industry in history. It was considered the third-largest
mining area in the world and the largest Hg production area
in China [14, 15]. Operation of Tongren mine ceased in 2001
due to the Hg resource was exhausted and environmental con-
cerns [14]. Discharge of Hg-containing wastewater and
leaching of smelting slag into nearby rivers resulted in elevat-
ed concentrations of Hg in the water with the average total
mercury (THg) concentration of 1.22 mg/L [16]. Irrigation of
Hg-containing wastewater caused severe Hg contamination of
surrounding farmland.

In the past two decades, many scholars have investi-
gated mercury pollution in the soil, rivers and crops
around the Wanshan mercury mine. The results showed
that the contents of THg and MeHg in the soil around the
Wanshan mercury mining and smelting area are in the
range of 0.01 ~ 4400 mg/kg and 0.1 ~ 67 µg/kg [15, 17].
There was a significant negative correlation between soil
total mercury content (THgsoil) and the distance from pol-
lution sources [17–19]. According to the investigation, the
THg content of riparian soil near the slag of the Wanshan
mercury mining area was as high as 790 mg/kg, and its
range was still 16 ~ 89 mg/kg of 10 ~ 30 km along the
river bank [15]. The highest contents of THg in vegeta-
bles and fruits were 1075 µg/kg and 160 µg/kg [20], re-
spectively. The contents of total mercury (THgrice) and
methylmercury (MeHgrice) in rice reached 1120 µg/kg
and 174 µg/kg [21], respectively. Therefore, there is a
relatively great risk of mercury pollution in soil, vegeta-
bles, fruits and rice around the Wanshan mercury mine.

Most of the above studies were based on the investigation
and analysis of 8 ~ 30 soil and crop samples collected around
the Wanshan mining area to evaluate the level of mercury
pollution in soil and crop. Few field studies have systemati-
cally studied the horizontal spatial distribution of Hg in soil
and rice in a specific environmental unit and the factors affect-
ing the transport and transformation of mercury in soil-rice
system.

Due to the seasonable irrigation during the periods of
rice-growing, paddy fields are usually recognized as an
intermittent wetland ecosystem [22]. Thus, the accumula-
tion, migration and transport of THg and MeHg in soil-
rice system are more complex. Previous studies revealed
that IHg methylation process was a crucial link of mercu-
ry form transformation in paddy soil, which directly af-
fected the content of soil MeHg, and ultimately affected
the enrichment degree of MeHg in rice [23, 24].

Many scholars have studied the influencing factors of soil
mercury methylation through field investigation and pot ex-
periment. The statistical analysis revealed that the influencing
factors of soil MeHg content mainly include soil pH, organic
matter, soil temperature, redox potential, sulfur (S) and iron
(Fe) content, species and abundance of methylated microor-
ganisms, atmospheric mercury deposition and so on [25–27].
However, some studies have shown that nitrogen may im-
prove the uptake of MeHg from paddy soil and translocation
in rice plants [28, 29]. Nutrient elements such as nitrogen(N),
phosphorus(P), potassium(K) and metals such as manganese
(Mn) and selenium (Se) have antagonistic/synergistic effects
with Hg [30–32], respectively. Therefore, the analysis of pH,
OM and other indicators on the transport process of Hg in soil-
rice system also has some limitations. In this study, 108 soil
samples and 71 pairs of soil-rice samples were collected from
Siqian Dam with a paddy field area of 1.34 million square
meters. Based on previous studies, the following two issues
are further discussed: (1) To evaluate the horizontal spatial
distribution and influencing factors of Hg in soil and rice in
a specific region by using the common Kriging interpolation
method, and (2) Pearson correlation analysis and Stepwise
linear regression were used to analyse the association of Hg
in the soil-rice system, as well as the correlation between
accumulated THg and MeHg in rice and 14 soil indices, in-
cluding pH, OM, nutrient elements of N, P, K, sulfur and
available Fe, Mn, Cu, Cd, Se, Zn, Pb and Cr in soil, and
further screening out the key influencing factors.

Materials and methods

Study sites

Siqian Dam is situated in the northeast of Wanshan Hg
mining area, south of Wawu River in Wawu Township.
The area is a subtropical humid climate, rich in precip-
itation, mild temperature, annual average temperature of
13.5 ~ 17.6 , and annual average rainfall of 1200 ~ 1400
mm. The soil is mainly tidal soil, paddy soil and yellow
soil, more than 99 % of cultivated land belongs to the
paddy field. Siqian Dam uses the dry-wet alternate
planting method, planting rice in summer and autumn
and planting rape in winter and spring.

The south side of the Siqian Dam is a high mountain. The
Wawu River is the major source of irrigation and the key
source of Hg pollution in the region due to the influence of
the upstreamWanshan Hg mining. There are two main canals
in this area, the source of which is the northwest corner and the
small reservoir in the middle of the area, respectively. At the
junction of the lower and middle paddy fields, there is a wider
canal, a tributary of the Wawu River. The geographical loca-
tion of the samples is shown in Fig. 1.
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Sample collection and measurement

Sample collection and preparation. In September 2019, rice
and soil samples were collected. At each sampling site, more
than five sub-samples of the edible parts of rice plant were
collected and combined for further treatment and analysis.
The soil sub-sample was taken for each one sub-sample of
rice and then mixed thoroughly as a bulk sample at each sam-
pling site. The collected rice and soil samples were stored in
sealed polyethylene plastic bags and brought back to the lab-
oratory as soon as possible. The specific sampling points are
shown in Fig. 1. The samples were taken along a rectangular
grid in 100 m intervals, with the corresponding latitude and
longitude coordinates recorded using a portable GPS.

For soils, all visible roots, macro fauna, and stones were
removed from soils prior to processing. Then soil samples
were freeze-dried using a lyophilizer (XO−10 N), homoge-
nized, and subsequently passed through a 100-mesh nylon
sieve. Rice samples were washed with distilled water three
times and freeze-dried using a lyophilizer operated at−80 .
Freeze-dried plant samples were husked by a rice huller
(JLG-II), then, rice were crushed into powder by an electronic
grinder (200T). After the samples were processed, they were
put in cold storage for testing.

Analytical methods For THg analysis, 0.2 g of rice powder
was prepared and digested with a freshly prepared mixture of
HNO3 : H2O2 (v/v 5:3) present in oven for 3.5 h at 125 . 0.1 g
samples were digested in water bath (95 ) using a fresh mix-
ture of HCL:HNO3:H2O (v/v 3:1:4) for 2 h. The Hg concen-
tration in the digested solutions was determined by atomic
fluorescence spectrophotometer using a Hg analyzer (Beijing
Baode Instrument-AFS−2000).

For MeHg analysis, 0.2 g rice samples were digested using
a KOH-methanol/solvent extraction technique. Firstly, the

samples were digested with KOH-CH3OH and heated in a
water bath. Then, the digests were acidified with concentrated
HCL. For soil samples, 0.2 g of soil sample was prepared
using CuSO4 solution and HNO3 extraction. For both,
MeHg in samples was extracted bymethylene chloride as well
as back-extracted from the solvent phase into aqueous phase
ethylation. The ethyl analogue of MeHg-methylethyl mercury
(CH3CH3CH2Hg), was decoupled from solution by purging
with N2 onto a Tenax trap. The trapped CH3CH3CH2Hg was
then thermally desorbed, separated from other Hg species by
an isothermal gas chromatography (GC) column,
disintegrated to Hg0 in a pyrolytic decomposition column
(800 ) and analysed using CVAFS.

Soil pH and OM were measured by methods reported pre-
viously [33]. The determination of available nitrogen (N),
available phosphorus (P) and available potassium (K) in soil
was carried out according to the method of the Soil
Agrochemical Analysis Course. Soil available iron (Fe), avail-
able manganese (Mn), available copper (Cu), available zinc
(Zn), available selenium (Se), available cadmium (Cd), avail-
able lead (Pb) and available chromium (Cr) were extracted by
DTPA solution and analysed using ICP-MS (Thermofisher
X2, Germany).

Quality control

Both the THg and MeHg determination in samples were con-
ducted using sample duplicates, reagent and method blanks,
matrix spikes, and certified reference materials (CRMs). GSS
−5 (Soil, GBW07405, institute of geophysical and geochem-
ical exploration, GAGS Co., Ltd., China) and GSB−26
(Apium graveolens, GBW10048, institute of geophysical
and geochemical exploration, GAGS Co., Ltd., China) were
used as CRMs during the THsoil and THgrice analysis, respec-
tively. Recoveries for THg analysis ranged from 85 to 110%,

Fig. 1 Study area and sampling locations
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and the relative standard deviations of the duplicates were in
the range of 1.6 ~ 7.8 % for the soil and 2.2 ~ 19% for the rice.

The CRMs was ERM-CC580 (estuarine sediment) for
MeHgsoil analysis. Recover for MeHgsoil analysis were be-
tween 87 and 115%, and the relative standard deviations in
duplicates were lower than 9%. The response rates of MeHg
in the matrix spikes ranged from 90 to 120%. The recovery
percentage of blank tag recovery in the process of rice ranged
from 85 to 120%.

Data analysis and statistical analysis

The normplot (QQ graph) was checked the normality of
data. The logarithmic transformation was applied to
transform skewed data to normality. The Pearson’s cor-
relation analysis and Stepwise analysis among the pa-
rameters were conducted by Microsoft Excel 2007 and
SPSS 13.0. Correlations were considered statistically
significant when p < 0.05. Figures were drawn with
Origin 2017 software and Arc GIS 10.3 software.
Omap was used for the export of sampling location
and distance data.

The bioconcentration factor (BCF) represents the ability of
plants to absorb and accumulate heavy metals in soil. The
bioconcentration factors of Hg in rice were calculated using
the following equation:

BCF ¼ Crice=Csoil ð1Þ
Where, Crice represents rice THg or MeHg concentration,
µg/kg; Csoil represents soil THg or MeHg concentration,
µg/kg. The bioconcentration factors for THg and MeHg were
expressed in BCFTHg and BCFMeHg, respectively.

Results

THg and MeHg concentrations in paddy field

As can be seen from Table 1, THgsoil contents ranged
from 1.09 to 30.60 mg/kg with an average of
8.80 mg/kg, which significantly exceeded the maximum
THg value (1.0 mg/kg, pH > 7.5) restricted for Chinese
agricultural soils (State Environmental Protection
Administration of China, 2018) [34]. The MeHgsoil con-
centrations ranged from 0.218 to 14.56 µg/kg with an
average of 1.83 µg/kg; the maximum ratio of MeHgsoil
to THgsoil was 1.75 %, far lower than the THg content
in soil. The concentration of available Hg in soil ranged
from 0.034 to 1.72 µg/kg, with an average of
0.340 µg/kg, accounting for about 1/10,000 of THgsoil.
The results showed that IHg with low mobility and low
bioavailability was the main form of soil mercury.

Horizontal spatial distribution of Hg contents in
paddy soil and their influencing factors

The distribution characteristics of THgsoil and MeHgsoil
levels in the region were different. Based on the con-
centrations of THgsoil and MeHgsoil, logarithmic trans-
formation was carried out to make them normal distri-
bution, then the distributions of both in the region were
predicted by Kriging interpolation method. From
Fig. 2(a), it can be seen that the THgsoil distribution
of soil was low in the paddy fields of upper and lower
reaches and high in the middle reaches. In the down-
stream and upstream regions, the THgsoil concentration
increased gradually along the direction of canal flow.
The THgsoil concentration in the middle not show obvi-
ous regular distribution. According to Fig. 2(b), the dis-
tribution of MeHgsoil was different from that of THgsoil,
and it increased gradually from southwest to northeast
along the flow direction of the Wawu River.

The flood caused by frequent rainfall in summer and
the canal water were important factors affecting soil Hg
methylation and MeHg accumulation. In addition, the
distribution of MeHgsoil was similar to that of soil S,
especially in the northeast region, which indicated that
S also played an essential factor influencing the distri-
bution of MeHg in paddy field.

Pearson’s correlation analysis showed that soil pH (P
< 0.01, r = 0.343) and OM (P < 0.05, r=−0.276) were
important factors affecting Hg migration/transformation,
and were significantly correlated with THgsoil (Fig. 3).
In addition, THgsoil was significantly correlated with
soil available Pb (P < 0.01, r=−0.366), Cu (P < 0.01,
r=−0.342), Fe (P < 0.01, r=−0.327) and Zn (P < 0.01,
r=−0.310) (Fig. S1). MeHgsoil and available Se (P <
0.01, r = 0.719), OM (P < 0.01, r = 0.321), available Cr
(P < 0.01, r = 0.317), pH (P < 0.05, r = 0.269) and avail-
able S (P < 0.05, r = 0.266) showed a positive correlation
(Fig. 3).

Accumulation of THg and MeHg in rice

The concentrations of THgrice and MeHgrice in rice were
shown in Table 1. The THgrice concentrations ranged from
10.70 µg/kg to 160.19 µg/kg with an average of
71.07 µg/kg, and over 90% of samples had THgrice higher
than the maximum Hg levels (20 µg/kg) restricted for food
in China (Ministry of Health Standardization Administration
of China, 2017) [35]. The MeHgrice concentrations were be-
tween 0.75 µg/kg and 40.32 µg/kg, with an average of
11.91 µg/kg. About 20% of rice samples hadMeHgrice higher
than 20 µg/kg. The ratio of MeHgrice to THgrice ranged from
2.51 to 90.26%, with a median of 13.62%. It can be seen that
IHg is the main form of mercury in rice.
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Horizontal spatial distribution of Hg concentrations
and their influencing factors in rice

Amethod for predicting the spatial distribution of THgrice and
MeHgrice levels in rice was the same as that in soil. The results
are shown in Fig. 4. As can be seen from Fig. 4, the THgrice
and MeHgrice showed uneven distribution in the study area. In
the upstream and mid-stream paddy fields, the THgrice and
MeHgrice decreased gradually along the direction of canal
flow. In contrast, the downstream rice field was farther away

from the tributary of Wawu River, the higher the Hg content
of rice was.

The ability of rice to enrich Hg was also a crucial factor
affecting the distribution of THgrice and MeHgrice. According
to formula (1), the BCFTHg and BCFMeHg in rice were calcu-
lated. The BCFTHg was between 0.0005 and 0.050, the mean
value was 0.0128, and the median value was 0.010. The
BCFMeHg ranged from 0.351 to 50.32 with a mean of 11.01
and a median of 6.214. In contrast, rice had a strong ability to
accumulate MeHg.

Table. 1 Statistical summary of
Hg concentrations in soil and rice,
and other soil indices

Index Mean±S.D. Min. Max. Median

Soil Hg concentration THgsoil(mg/kg) 8.80±5.68 1.09 30.60 7.58

MeHgsoil (µg/kg) 1.83±1.97 0.218 14.56 1.16

Available Hg (µg/kg) 0.340±0.294 0.034 1.72 0.302

Soil indices pH (unitless) 6.52±0.791 5.27 7.78 6.55

OM (g/kg) 26.36±8.44 12.18 51.53 24.61

N (mg/kg) 300.02±127.37 82.60 655.20 285.60

P (mg/kg) 12.52±5.66 4.76 41.66 11.51

K (mg/kg) 210.75±66.39 135.35 401.14 228.06

S (mg/kg) 43.33±26.69 5.32 113.31 35.74

Fe (mg/kg) 99.38±50.22 17.19 222.78 91.38

Mn (mg/kg) 47.48±19.71 8.03 115.13 48.38

Cu (mg/kg) 3.86±1.63 1.20 8.48 3.41

Zn (mg/kg) 1.61±0.60 0.764 4.072 1.43

Se (mg/kg) 0.056±0.028 0.021 0.251 0.051

Cd (mg/kg) 0.167±0.065 0.046 0.399 0.151

Pb (mg/kg) 4.29±1.12 1.95 7.72 4.16

Cr (mg/kg) 0.074±0.004 0.064 0.091 0.074

Rice Hg concentration THgrice grain (µg/kg) 71.07±32.77 10.70 160.19 73.81

MeHgrice grain(µg/kg) 11.91±9.55 0.747 40.32 8.23

Bioconcentration factor(BCF) BCFTHg 0.128±0.010 0.0005 0.050 0.010

BCFMeHg 11.01±12.21 0.351 50.32 6.214

Notes: N—Alkali-hydrolyzed nitrogen, P—Available phosphorus, K—Available potassium, S—Available S,
Fe—Available Fe, Mn—Available Mn, Cu—Available Cu, Zn—Available Zn, Se—Available Se, Cd—
Available Cd, Pb—Available Pb, Cr—Available Cr

Fig. 2 The distributions of THgsoil (a) and MeHgsoil (b) in paddy soil
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The results of Pearson’s correlation analysis showed that
there was no significant correlation between rice Hg and soil
Hg. Therefore, We used THgrice (Y1) and MeHgrice (Y2) as
dependent variables, with soil pH (X1), OM (X2), available S
(X3), N (X4), P (X5), K (X6), Fe (X7), Mn (X8), Cu(X9), Zn
(X10), Se(X11), Cd (X12), Pb (X13), Cr (X14), available Hg
(X15), THgsoil (X16) and MeHgsoil (X17) as independent vari-
ables for stepwise regression analysis (Table 2). The result

found that accumulation of THg in rice was mainly
affected by K, followed by pH and Zn. With the in-
crease of soil K content or pH, the accumulation of
THgrice increased; THgrice decreased with the increase
of Zn content. K was the main factor affecting the ac-
cumulation of MeHgrice, followed by Mn, MeHgsoil and
Fe. Except Fe, the K, Mn and MeHgsoil were positively
correlated with MeHgrice, respectively.

Fig. 3 The correlations of THgsoil and MeHgsoil with soil pH (a,b), OM (c,d), S (e) and Se (f)

Fig. 4 The distributions of THgrice (a) and MeHgrice (b) in rice
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Discussion

Sources of soil Hg and factors influencing their
transformation/ migration

Over 90% of all samples THgsoil contents exceeded the action
value of 2.0 mg/kg set by the German Federal Soil Protection
Ordinance (BBodSchV 1999) [36], as well as 87.26% beyond
the limit, recommended (2.5 mg/kg) by the Company of
Technology of Environmental Sanitation (CETESB) [37] for
agricultural soil. Most samples of MeHgsoil concentrations
were higher than the background levels in the Wanshan Hg
mine (0.1 ~ 0.3 µg/kg) [15]. These results showed that there
were serious ecological risks in paddy fields in this study area.
Wang et al. [38] studied mercury pollution in the soil of
Wanshan Greenhouse and found that the average content of
available mercury in the soil was 1.0 µg/kg. The maximum
content of available mercury in this study was higher than this
value. This result indicated that the soil mercury pollution in
this area was serious.

A previous study found that the THg concentrations in
surface water (such as Meizi River, etc.) around the
Wanshan Hg mining area ranged from 0.019 to 12 µg/L
[39], and the Hg content in water sediments was as high as
30.10 mg/kg [17]. Through sampled and analysed irrigation
water in the region from May to August 2019, we found that
the water in Wawu River contained Hg, and the Hg contents
ranged from 0.008 to 0.374 µg/L with an average of 0.072 µg/
L (Table S1). Therefore, the leachate of waste water, waste
rock and waste residue from the activities of the Wanshan Hg
mine in the upper reaches entered the river and caused the
increase of Hg concentration in the river.

Three profiles (Fig. S2) were also collected for the Siqian
Dam in December 2018. The characteristics of the profiles

showed that the soil was a relatively typical latent paddy soil
formed by alluvial river deposits, indicating that the flood and
its carrying sediment played an important role in the formation
of soil in the region. In addition, summer rain flowed from the
valley into lower paddy fields. Rain water flowedmainly from
the tributaries of the Wawu River (which is at the junction of
the middle and lower paddy fields) and from the middle
reaches near the lower paddy fields (Fig. 1). The THg content
of rain water flowed into the paddy fields nearby was low, but
it had little effect on MeHgsoil (Fig. 2). Therefore, Hg-
containing floods with carrying sediments and prolonged use
of Hg-containing irrigation water were the main sources of Hg
in the Siqian Dam. Flood and its carrying sediments were the
main reasons for the different distribution of THgsoil and
MeHgsoil concentrations in horizontal space.

Qiu et al. [40] collected 17 soil samples from paddy fields,
dry lands and vegetable fields on both sides of the river in the
Wanshan mining area. Their results found that most paddy
soil distributed along the river in the mining area was affected
by upstream polluted water sources. Frequent floods in sum-
mer would migrate and carry a large amount of Hg-rich par-
ticles from slag to the lower reaches of the river, resulting in
secondary pollution. Dai et al. [16] collected riverbank soil,
shrub soil and woodland soil within 10 km along the river in
theWanshanWukengmercury smelting area. They found that
the Hg-pollution river was the direct source of mercury pollu-
tion in the surrounding soil. These two results also clearly
supported the conclusion of this study. Qiu et al. [40] also
showed that the soil MeHg content always increased with
the increase of the Hg content, which was different from this
study. It may be that the sampling areas of Qiu et al. [40] were
paddy fields, dry lands, vegetable fields soil and natural soil
within about 3 km of the mercury mining area, which is dif-
ferent from the geographical location and land use type of our

Table. 2 Regression equation, variance analysis and regression coefficient of Hg contents and soil indexes

Regression equation R Adj-R2 F P1 Independent variable B Std. Error Beta P2 Collinearity statistics

Tolerance VIF

Y1=-16.84X10+0.201X6+
13.69X1-33.79

0.314 0.265 6.42 0.001 Constant -33.79 48.52 0.490

X10 -16.84 8.57 -0.261 0.056 0.923 1.084

X6 0.201 0.069 0.284 0.006 0.931 1.074

X1 13.69 5.66 0.332 0.020 0.868 1.152

Y2=0.096X6+0.161X8+
1.26X17-0.054X7-13.21

0.777 0.564 15.58 0.000 Constant -13.21 4.42 0.005

X6 0.096 0.016 0.602 0.000 0.941 1.063

X8 0.161 0.047 0.342 0.001 0.979 1.021

Y2 1.26 0..430 0.295 0.005 0.963 1.039

X7 -0.054 0.020 -0.269 0.010 0.976 1.025

Notes: P1 value of F-test; P2 value of T-test; R—Pearson correlation coefficient; Adj-R2—Adjust determination factor; F—The value of F-test; B—
Unstandardized coefficient; Beta—Standardized coefficient; VIF—Variance inflation factor. Y1—THgrice, Y2—MeHgrice. X1—pH, X6—K, X7—Fe,
X8—Mn, X10—Zn, X17—MeHgsoil
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sampling. Hence, the correlation between THgsoil and
MeHgsoil was different.

The contents of THgsoil and MeHgsoil in the upstream pad-
dy field were relatively low, and the concentrations of THgrice
and MeHgrice were high. Along the direction of the channel in
the paddy field, the THgsoil, MeHgsoil and MeHgrice showed a
gradually increasing trend. It may be due to the upstream
paddy field used the terrace planting mode, the relatively high
topography, the longer land tillage time, and the better protec-
tion of the residents. It was less affected by the flood.
Moreover, rain water and irrigation water scoured the higher
terrain area Hg into the low terrain rice field, caused high Hg
levels in low-lying areas. Sediments carried by flood out-
breaks were deposited, which was also responsible for higher
levels of Hg in low-lying areas. The high concentrations of
Hg, especially MeHg, in rice may also be one reason for the
low concentration of Hg in rice fields.

The concentrations of THgsoil and THgrice in the middle
paddy field changed greatly, and there was no obvious regular
characteristic. Moreover, the horizontal spatial distributions
between them were inconsistent. The concentrations of
MeHgsoil and MeHgrice increased and decreased trend along
the flow direction of the canal, respectively. In the middle rice
field, the terrain was relatively flat, but there were fluctuation
changes so that the Hg retention in different plots were differ-
ent after being eroded by the flood. The low-lying areas were
affected by the combined action of water flow and sediment,
which lead to higher Hg retention. High elevation areas were
mainly influenced by water flow, and Hg retention was rela-
tively small. Previous study has shown that the THg contents
in the river beach soil in the Wanshan Hg mining area were
higher than that in the forest land covered by vegetation [16].
After the dam was built, the Hg contents of the flat tidal area
might be higher than the grassland, which lead to the uneven
distribution of Hg in the area after they changed to cultivated
land.

High levels of MeHg in the lower Wawu River soil might
be the main cause of high MeHgrice levels in the region. The
change trends of Hg in soil and rice in the downstream region
were similar. Because of the tributaries of Wawu River at the
junction of downstream and middle rice fields, the floods
scoured in this area were severe. As the flow velocity slowed
down, the sediments were deposited far away from the canal,
and the floods inundation time was longer due to the lower
terrain downstream, which lead to the hypermethylation of Hg
in rice fields.

Factors influencing soil mercury transformation/
migration

The soil pH values ranged from 5.27 to 7.78 with an average
of 6.52; about 64% of samples were less than 7, suggesting
that most of the rice paddy soil is slightly acidic. The OM

concentrations (12.18 to 51.53 g/kg with an average of
26.36 g/kg), the N, P and K concentrations ranged from
82.60 mg/kg to 655.20 mg/kg, 4.76 mg/kg to 41.66 mg/kg
and 135.35 mg/kg to 401.14 mg/kg. Most samples were gen-
erally higher than the other soils in China according to the
national survey standard (Office of national soil survey,1979)
[41]. These results indicated that soil fertility in this area is
sufficient.

Soil pH, OM, N, P, K, S, Fe, Mn and other indices also
impacted the transfer and transformation of mercury. Among
them, soil pH was an important factor affecting the distribu-
tion of THsoil content in paddy field, and it also had a signif-
icant effect onMeHgsoil in paddy field. It is difficult for heavy
metals to migrate when the soil pH exceeds 7. A few samples
were less than 7, so the migration ability of Hg in paddy field
was strong. The pH values of the study area were between 4.5
and 9.0, the best value of biological activity [25, 40], which
was conducive to promoting methylation of Hg. Low pH is
generally considered to be conducive to stimulating methyla-
tion of Hg [42]. However, the content ofMeHg in paddy fields
in this study increased with the increase of pH. The possible
reason was that the high microbial activity under high pH
conditions (pH < 7.0) improved the methylation process of
Hg [43, 44]. Gilmour and Henry [42] studies on anaerobic
sediments and the effects of Zhang et al. [45] on acid soil
methylation by different irrigation measures have shown that
low pH conditions can reduce mercury methylation by
inhibiting bacterial activity, and our conclusion was consistent
with that.

Secondly, OM also played an essential role in distributing
THgsoil and MeHgsoil contents in paddy soil, especially
MeHgsoil. Some studies have shown that the correlation be-
tween soil methyl mercury and OM is weak [46, 47].
However, some studies have found that the THgsoil is posi-
tively correlated with OM, and there is also a significant cor-
relation between MeHgsoil and OM [48]. Pei et al. [49] study
on related mercury and organic carbon in typical farmland soil
aggregates showed a significant positive correlation between
related mercury in soil aggregates and organic carbon, so or-
ganic carbon was involved in the participation and enrichment
of soil mercury. The above research results were different
from this study. The possible reason is that the soil methyla-
tion process is affected bymultiple factors, and the role of OM
varies on mercury in different soil environments. In this study,
the content of THgsoil decreased with the increase of OM,
which might be due to the coordination or complexation of
Hg with carboxyl, hydroxyl and other functional groups in
dissolved OM [26]. This process increased the migration ca-
pacity of Hg by increasing the solubility of Hg in soil solution
[50].

However, the increase of OM content might increase the
content of MeHgsoil in paddy soil. The possible reason was
that abundant OM provided sufficient carbon source [51] and
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increased the activity of Hg methylated microorganisms [52],
so that promoted the methylation process of Hg. In this study,
there was a significant correlation among OM, N and S (Fig.
S3). This is similar to the conclusion that Yin et al. sampled
and analyzed the paddy soil within 500 m around the aban-
doned Hg mining sites and active Hg smelting site. This indi-
cated that OM contained abundant N- and S-containing
groups, forming stable Hg-N-OM or Hg-S-OM complex with
Hg [53]. With the increase of OM, the contents of MeHgsoil
decreased. At the same time, the inhibiting effect of S, N
groups in OM on Hg methylation might be lower than the
MeHg yield of methylated microorganisms. Hence, the con-
tent of MeHgsoil increased with the increase of OM content.
However, the mechanism of action between the inhibition of
Hg methylation and the stimulation of microbial methylation
by OM is not very clear, which requires further investigation.

In addition, the slag from the upstream Wanshan Hg mine
contained fine-grained Hg-inert sulfide and sulphates, which
were easily dissolved in water and enter the surface runoff in
the form of suspended particles [54]. Fine S-bearing Hg de-
posits were deposited in paddy fields of the middle and lower
reaches after the rainstormwashed them out of the river banks.
The high S content deposited stimulated the activity of meth-
ylation bacteria and the availability of Hg, which were condu-
cive to promoting the methylation process of Hg in the paddy
field. It has been shown that the formation of a complex be-
tween mercury and polysulfide compounds facilitates the dis-
solution of HgS. It converts stable mercury into bioavailable
forms of mercury (e.g. HgS2

2−), thereby promoting methyla-
tion of mercury [27, 55–57]. Therefore, this may be the reason
for the similarity of the spatial distribution of S and MeHg to
some extent.

Except for available Mn, other available metals in soil were
significantly correlated with THgsoil and MeHgsoil. Zhao et al.
[58] analysis of pollution levels of various heavy metals in
typical ecologically fragile areas found no correlation between
mercury in soil and other elements such as zinc, cadmium and
lead, which was inconsistent with this study. In the study, the
lower the contents of available Fe, Cu, Zn and Pb, the higher
contents of THg in soil. It might be that the existence of low
contents of Fe, Cu, Zn and Pb reduced the migration of Hg in
soil. The higher the contents of Se and Cr in soil, the higher the
contents of MeHg in paddy field. Se can form a stable com-
pound Hg-Se with Hg [59], which can reduce the mobility and
availability of Hg and inhibit the absorption/transport of
MeHg in rice. In this study, the high Se concentration after
rice planting indicated that the content of Hg-Se com-
plex formed in the soil was low, and the methylation
degree of Hg was great, thus leading to the increase of
the content of MeHg in the soil with the increase of Se.
As for the relationship between Cr and MeHgsoil, there
were relatively few studies, and the interaction between
the two remains to be studied.

Characteristics and influencing factors of Hg
enrichment in rice

The contents of THgrice and MeHgrice in the study area were
significantly higher than those in the non-mercury polluted
areas of Guizhou, such as Leigongshan [47], Huaxi [33],
Guiyang [60], and also higher than the results of Li et al.
[61] survey of rice around Wanshan mercury mine in
Guizhou in 2013 (THgrice: ranging from 13 to 52 µg/kg with
an average value of 26 µg/kg; MeHgrice: ranging from 3.5 to
2.3 µg/kg with an average value of 9.4 µg/kg). IHg in rice is
less harmful to the human body, and the intake of MeHg will
cause great damage to human organs and tissues. However,
the tolerable intake for MeHg recommended by the USEPA
(1997) [62] reference dose (RfD) for MeHg is 0.1 µg/kg body
weight per day. According to health risk studies, the maxi-
mum daily intake of MeHg in humans was 0.202 µg/kg body
weight based on average adult body weight (60 kg) and daily
intake of rice (300 g) [63], which exceeded the USEPA (1997)
[62] reference limit for MeHg. Therefore, there was a health
risk from MeHg contamination in rice.

The Siqian Dam used alternate rapese-rice planting to re-
duce Hg pollution in agricultural products. Samples of rape
and rice were taken inMay 2019 and September 2019, respec-
tively. The two sampling sites were the same, and the middle
interval was the whole period of rice growth. The results
showed that the THg content in rapeseed ranged from
10.03 µg/kg to 100.05 µg/kg, with an average of
37.27 µg/kg. The Hg content in rice was higher than that in
rapeseed. Qiu et al. [21] studied the crops in the Wanshan
mining area and found that the content of THg in rice was as
high as 1120 µg/kg, and the concentration of MeHg was as
high as 174 µg/kg. Moreover, rice had the highest levels of
MeHg relative to other crops in the region, such as corn.
Seasonal irrigation in rice fields provided favourable condi-
tions for Hg uptake/transport in rice plant, resulting in a strong
Hg accumulation capacity in rice.

Soil K was the main factor affecting the THgrice and
MeHgrice contents in rice. Studies have found that K can alle-
viate the toxic effect of heavy metals on plants [64, 65]. A low
concentration of K had no obvious effect on the accumulation
of cadmium in the plant, while the high concentration of K
inhibited the accumulation of cadmium in the plant [64, 66].
At present, there are few studies on the effect of K on plant Hg
enrichment. In this study, high K content promoted the accu-
mulation of THg andMeHg in rice. The possible reasons were
that the presence of K did not effectively hinder the absorption
and enrichment of Hg in rice. Studies have shown that the
cosplast and ectoplasmic pathway of Casparian bands and
suberin piece formed in rice roots can reduce the absorption
and transport of macromolecular Hg complexes [67, 68].
When the rice seedlings were treated with KCl solution in-
stead of selenite, it was found that there was no Casparian
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band and uberin piece formation in the rice seedlings, indicat-
ing that K had no significant inhibition effect on Hg uptake by
rice [68]. Furthermore, K is a nutrient element. The uptake and
transport of K by rice roots might promote the uptake of Hg,
which lead to the accumulation of Hg in rice. The effect of K
on Hg uptake/transport in rice needs further experimental
investigation.

Soil pH was the second factor affecting the THg in rice. As
mentioned above, high pH increased the abundance and ac-
tivity of methylating microorganisms, leading to increased
MeHg content, thus to increased rice ability to accumulate
THg. Therefore, with the increase of pH, the contents of
THg and MeHg in rice increased. Some researchers failed to
find any relationship between MeHg concentration and pH
values (ranged: 4.47 ~ 7.39) in rice paddy soil across the
Wanshan Hg mining area [23, 24, 53]. Huang et al. [69] col-
lected alkaline soil and corresponding rice samples for re-
search and found that pH was negatively correlated with the
concentration of MeHgrice. Tang et al. [28] research showed
that the concentration of MeHgsoil was controlled by numer-
ous indices, in which pH accounted for 52%. The contribu-
tion of soil pH to the accumulation of MeHg in rice was
different due to different study regions, leading to different
conclusions in this study.

Finally, Zn also effected on the THgrice. The presence of Zn
hindered the uptake and transport of Hg in rice, which may
lead to the decrease of Hg accumulation in rice with the in-
crease of Zn in soil. Previous studies have found that
OsHMA3, a member of heavy metal-transporting ATPase
family, is localized at the tonoplast and shows activity for
Cd and Zn [70–72]. It may indicate that the rice roots have
the same absorption/transport pathway for Cd and Zn. Gupta
and Chatterjee [73] found that exposure of rice roots to a Hg
(II) solution induced the opening of Ca2 + channels in root
membranes. Therefore, it can be inferred that Hg and Zn
may have similar absorption/ transport pathways in rice plant
[29]. The increase of Zn content in soil indicated that the
uptake of Zn by rice roots was small, and the transport of
Hg from soil to rice was reduced to a certain extent.

Except for K, Mn and Fe could affect the accumulation of
MeHg in rice. Studies have shown that the oxygen secretion
process of rice roots can produce oxidation zones in the root
surface microenvironment. Reducing substances such as
Fe2 + and Mn2 + were oxidized and deposited on the surface
of rice roots, forming Fe and Mn oxide plaques [74]. Fe and
Mn oxide plaques can reduce free Hg ions in soil pore water
through adsorption [75], which reduces the bioavailability of
Hg and acts as a barrier for Hg to enter rice tissues, thus
reducing the accumulation of Hg in rice. The research results
of Cai et al. [76] showed that there was a significant positive
correlation between the dissolved amount of Fe and the con-
tent of MeHg in the soil solution, there was no obvious cor-
relation between the dissolved amount of Mn and the content

of MeHg, which was inconsistent with our conclusions. It has
also been shown that the addition of ferric salt reduces the
generation of MeHg in the sediment, which may be due to
the presence of polysulfide compounds that affect the forma-
tion of soluble Hg-S complexes such as HgS0 and Hg(HS)2

0

in the system [75–77].
In this study, with the increase of Mn content, the concen-

tration of MeHgrice increased. With the increase of Fe content,
the concentration of MeHgrice showed a decreasing trend. The
possible reason for this result was the increase of Mn content,
indicating that the root surface formed less Mn oxide plaque
so that a large amount ofMeHgwas absorbed by the rice plant
and then accumulated in rice. The increase of Fe content re-
sulted in the formation of thin iron plaque on the root surface,
which promoted the absorption of MeHg in rice, but also
accelerated the formation of Fe-S compounds between Fe
and S. Fe-S compounds inhibited methylation of Hg by
forming charged Hg(II)-sulfide compounds that reduced the
bioavailability of Hg [78]. The latter played a major role in
reducing the content of MeHgrice with high Fe content. In
addition, MeHgsoil also affected the accumulation of MeHg
in rice. The higher content of MeHgsoil, the higher the content
of MeHgrice, which indicated that the accumulation of MeHg
in rice was controlled by soil methylation rate, and soil MeHg
was the main source of MeHg in rice. This observation is
consistent with previous results that rice paddies were
hotspots for Hg methylation, and rice mainly received
MeHg from soils.

Conclusions

Based on the sampling investigation and analysis of paddy
soil in Siqian Dam, the following conclusions are drawn:

The maximum concentrations of THg and MeHg in paddy
soil were 30.60 mg/kg and 14.56 µg/kg, respectively. The
concentrations of THg and MeHg in rice were 160.29 µg/kg
and 40.32 µg/kg, respectively. Hg pollution in this area may
have a greater ecological risk.

The horizontal space distributions of THg and MeHg were
different in paddy field. The Hg-laden flood with carrying
sediment and long-time use of irrigation water containing
Hg were the main sources of Hg in Siqian Dam. Hg-
containing floods and their sediment, as well as topography,
were the main reasons for the different horizontal spatial dis-
tributions of THg and MeHg concentrations in paddy fields.
In addition, soil pH, OM, S, available Fe, Mn, Se and other
indices also influenced the distribution of soil Hg. The THgsoil
was greatly affected by pH followed by soil OM. The THgsoil
content increased with the increase of pH, but decreased with
the increase of OM content. MeHgsoil was mainly affected by
OM, followed by S and pH. MeHgsoil increased with the in-
crease of the three indices. In addition, the relationships of soil
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available Fe, Cu, Zn, Pb and THgsoil, Se, Cr and MeHgsoil
were closely related. The higher the content of available ele-
ments in the former, the lower the content of THgsoil, while the
content of MeHgsoil increased with the increase of Se and Cr
content.

Stepwise regression analysis showed no significant correla-
tion between THgsoil and THgrice, but there was a certain cor-
relation between MeHgsoil and MeHgrice. The content of
MeHgrice would increase with the increase of MeHgsoil content.
K was the main factor affecting Hg accumulation in rice. High
K content was conducive to promoting Hg absorption and en-
richment in rice. Secondly, THgrice had a significant positive
correlation with pH and a clear negative correlation with Zn.
Mn and Fe were the factors that affected the accumulation of
MeHg in rice. The higher the content of Mn in soil, the more
beneficial the accumulation of Hg in rice, while the higher
content of Fe inhibited the accumulation of Hg in rice.

Therefore, soil Hg methylation could be inhibited in weak-
ly acidic and fertile paddy fields by appropriately reducing soil
pH, OM and available S contents, as well as available Se and
Cr contents. The accumulation of Hg in rice could be further
reduced by reducing potassium fertilizer application. It can
provide reliable theoretical and scientific basis for the regula-
tion and safe utilization of Hg-contaminated soil.
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