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ABSTRACT: Rice grain consumption is a primary pathway of
human mercury exposure. To trace the source of rice grain mercury
in China, we developed a rice paddy mercury transport and
transformation model with a grid resolution of 1 km × 1 km by
using the unit cell mass conservation method. The simulated total
mercury (THg) and methylmercury (MeHg) concentrations in
Chinese rice grain ranged from 0.08 to 243.6 and 0.03 to 238.6 μg/
kg, respectively, in 2017. Approximately, 81.3% of the national
average rice grain THg concentration was due to atmospheric
mercury deposition. However, soil heterogeneity, especially the
variation in soil mercury, led to the wide rice grain THg distribution
across grids. Approximately, 64.8% of the national average rice grain
MeHg concentration was due to soil mercury. In situ methylation
was the main pathway via which the rice grain MeHg concentration was increased. The coupled impact of high mercury input and
methylation potential led to extremely high rice grain MeHg in partial grids among Guizhou province and junctions with
surrounding provinces. The spatial variation in soil organic matter significantly impacted the methylation potential among grids,
especially in Northeast China. Based on the high-resolution rice grain THg concentration, we identified 0.72% of grids as heavily
polluted THg grids (rice grain THg > 20 μg/kg). These grids mainly corresponded to areas in which the human activities of
nonferrous metal smelting, cement clinker production, and mercury and other metal mining were conducted. Thus, we
recommended measures that are targeted at the control of heavy pollution of rice grain by THg according to the pollution sources.
In addition, we observed a wide spatial variation range of MeHg to THg ratios not only in China but also in other regions of the
world, which highlights the potential risk of rice intake.
KEYWORDS: mercury, methylmercury, rice paddy mercury transport and transformation model, atmospheric mercury deposition,
soil mercury, source apportionment

1. INTRODUCTION
Mercury pollution poses a great threat to human health and
ecological safety.1−3 Methylmercury (MeHg) severely affects
neurodevelopment and is associated with cardiovascular
disease in adults, thereby leading to long-term negative effects
on human health.4,5 To protect human health from mercury
pollution, the Minamata Convention on Mercury was put into
effect in 2017, which requires the evaluation of health benefits
from atmospheric mercury emission reductions. An integrated
model in which emissions, chemical transport modeling,
deposition to food MeHg, intelligence quotient effects, and
cardiovascular impacts are considered will assist in achieving
this aim.6 Quantifying the relationship between environmental
mercury and accumulated speciated mercury in rice grain is of
great significance to the development of such an integrated
model.

Rice grain has a high ability to accumulate MeHg and is one
of the main sources of MeHg exposure for humans globally,

especially in China.7−9 Observations have shown that mercury
in ambient air is a potential source of inorganic mercury (IHg)
above the ground.10,11 Isotope experiments proved that rice
grain IHg comes almost entirely from air.12,13 Rice grain MeHg
accumulates mainly from paddy soil.10,12,14,15 Thus, soil,
irrigation water, and air are potential sources of MeHg in
paddy soil.13,16,17 The accumulation of rice grain MeHg is a
complex process that is impacted by many factors, such as
bioavailable mercury, organic matter, pH, and root accumu-
lation.10,12,14−16,18−21 Not all mercury in the pore water layer is
involved in the methylation process. Mercury that is easily
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utilized by methylated microorganisms is called bioavailable
mercury.16 Water-soluble mercury, organically bound mercury,
iron−sulfur-bound mercury, and nanoparticulate mercuric
sulfide are potentially methylated.16,22,23 Soil organic matter
(SOM) and pH affect the content of bioavailable mercury and
the activity of methylating microorganisms; organic matter also
affects the adsorption and desorption of mercury.21,24,25

However, most previous model studies assessed rice grain
MeHg concentrations according to a relatively singular
pathway.8,26 The rice grain MeHg concentrations were scaled
by the strong correlation with soil mercury concentrations in a
previous study.8 Other studies applied a linear correlation
between mercury concentrations in atmospheric deposition
and rice grain MeHg6,26,27 under the assumption that the
newly deposited atmospheric mercury had higher bioavail-
ability and was more easily converted to MeHg.28,29 Due to the
neglect of the impacts of many other factors, as discussed
above, it is quite possible that the assumption in the model that
rice grain mercury originates from a single environmental
medium is of highly uncertain validity.

In reality, rice grain total mercury (THg) and MeHg
concentrations show large spatial variations in China. Spatially
refined models help better quantify the sources of speciated
mercury in rice grain. To determine rice grain mercury sources
and to identify factors that influence spatiotemporal variability
in Chinese rice grain mercury concentrations, Kwon et al.
(2018) constructed a rice paddy biogeochemical cycle model
that considered multiple medium sources and elucidated
important processes and factors that govern mercury
concentrations in rice grain.30 However, this model mainly
simplifies the mercury reaction mechanism in soil by using a
unified rate coefficient and ignoring the impact of the
significant spatial heterogeneities of soil properties [mercury
content, SOM, pH, etc.], which are the main sources of
uncertainty in rice grain MeHg simulation. For example,
studies have indicated that MeHg in rice grain is significantly
correlated with SOM,25,31 which can vary from 0.16 to 23.7%
in rice paddies across China.32

To better quantify the sources of speciated mercury in rice
grain, in this study, we developed a rice paddy mercury
transport and transformation model (RMTTM) by using the
unit cell mass conservation method with a spatial resolution of
1 km × 1 km. Our model mainly considers the influences of
multiple-medium mercury input, high-resolution soil hetero-
geneity, rice grain phenological sequences, mercury transport
and transformation process in rice paddies, and speciated
mercury accumulation in rice grain. By using the RMTTM, we
determined the spatial variations of mercury sources for
China’s rice grain and identified the heavily polluted regions.
This model will facilitate the development of detailed mercury
pollution control strategies that will reduce the health risks of
mercury pollution. In addition, the model framework will aid in
the development of an integrated model for evaluating the
effectiveness of the Minamata Convention on Mercury.

2. METHODOLOGY
In this study, we constructed a gridded RMTTM and
corresponding data set. Rice paddies were divided into
464,368 grids with a spatial resolution of 1 km × 1 km
according to the distribution of paddy fields in China, which
was obtained from the China Land Use and Land Cover
Remote Sensing Monitoring database (Supporting Information
S1 and Figure S1).33,34 The geographical scope of the database

was the China region, and the scope was determined using
Landsat 8 remote sensing image data. The spatial resolution of
soil property data, such as SOM, pH, and soil bulk density
(BD) data, was 1 km × 1 km. Therefore, 1 km × 1 km was
selected as the basic simulation unit in the model. In each grid,
we divided the paddy soil into three layers: the flood layer,
which retained overlying water (with a depth of approximately
10 cm from the atmosphere−water interface); the tillage layer,
where rice roots grew (with a depth of approximately 20 cm
between flood water and the plow layer, which is also called
the pore water layer); and the plow layer (a relatively compact
soil layer below the tillage layer). Due to the influence of wind,
the disturbance of the rice plants, and the dissolution and
diffusion effects of pollutants in flood water, the pollutant
concentrations in flood water tend to be uniform.35,36

Therefore, we assumed fast mixing of mercury in the flood
water layer. In the tillage layer, mercury undergoes a series of
transport and transformation processes and is absorbed by the
root system. We simulated the mercury behaviors based on the
unit cell mass conservation method, where the product of the
previous layer is used as the input of the next layer. The plow
layer improves the ability of soil to retain water, as it prevents
water from draining away.35 Therefore, mercury in the pore
water layer was assumed to be blocked by the plow layer, and
the mercury exchange flux at the bottom boundary was
ignored. Mercury transport and transformation generally occur
in flood water and pore water, which involve atmosphere−
water, water−soil, and soil−rice root interfaces and the
transformation processes of multiple forms of mercury [e.g.,
divalent mercury (Hg2+) reduction, MeHg demethylation, and
Hg2+ methylation], as illustrated in Figure 1. Then, we
established the transport and transformation mechanisms in
different layers by using the unit cell mass conservation
method and grid-specific parameters.

Figure 1. Mercury transport and transformation in rice paddies. [(1)
Mercury input: PBM and RGM deposition into the flood water; GEM
deposition into rice plants; and irrigation water input and soil mercury
desorption. (2) Transport and transformation in rice paddies:
demethylation and reduction in the flood water and diffusion,
adsorption, methylation, and demethylation in the tillage layer. (3)
Accumulation in rice grain: MeHg absorbed by roots and transported
to rice grain and IHg absorbed from air. PBM: particle-bound
mercury; RGM: reactive gaseous mercury; GEM: gaseous elemental
mercury; MeHg: methylmercury; IHg: inorganic mercury; SOM: soil
organic matter; BAF: bioaccumulation factor of roots; TF: transport
factor; and LAI: leaf area index].
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2.1. Construction of the RMTTM
The RMTTM consists of three parts: mercury input from
various environmental media, mercury transport and trans-
formation in the rice paddy, and speciated mercury
accumulation in rice grain. Atmospheric mercury deposition,
irrigation water mercury, and soil mercury were included as the
main inputs of IHg and MeHg of rice grain. The transport and
transformation module involves various mechanisms, such as
reduction, methylation, demethylation, diffusion, and adsorp-
tion. The accumulation module of speciated mercury in rice
grain includes MeHg accumulation in roots and transport to
grains and IHg absorption from air. The detailed calculation
methods are described in Supporting Information S2.
2.1.1. Mercury Input Module. The mercury inputs into

rice paddies are atmospheric mercury, irrigation water mercury,
and soil mercury.37−39

2.1.1.1. Atmospheric Mercury. The atmospheric mercury
deposition rates were simulated by using a global atmospheric
chemistry transport model (GEOS-Chem, version 11-01,
http://geos-chem.org). Global simulation with a spatial
resolution of 2° × 2.5° was used as the initial and boundary
conditions. Nested-grid simulation was used in mainland
China with a spatial resolution of 0.25° × 0.3125°
(approximately 20 × 25 km). The model was driven by
meteorological data from the GEOS forward processing
system, and the highly resolved atmospheric mercury emissions
in 2017 were from the China Atmospheric Mercury Emission
model.40−42 We then outputted the deposition fluxes of
gaseous elemental mercury (GEM), reactive gaseous mercury
(RGM), and particle-bound mercury (PBM) from GEOS-
Chem, as shown in Supporting Information S2 and Figure S2.

Atmospheric mercury can be deposited into flood water and
rice plants. Due to bioavailability and chemical activity, RGM
and PBM that were deposited into flood water were regarded
as IHg,43,44 which included both dissolved ionic and PBM.
Because newly deposited mercury accumulates on the soil
surface,29,30,45 RGM and PBM were also assumed to be
deposited onto the soil surface during the non-rice planting
period. These fractions of mercury are also easily dissolved in
the flood water during persistent flooding in the rice planting
period. Therefore, a 1 year deposition period was adopted for
the input of RGM and PBM. However, dry deposited GEM
was assumed to be absorbed by the leaves of rice plants during
the planting period of rice since rice plant leaves can absorb
GEM from the atmosphere through their stomata.46,47

2.1.1.2. Irrigation Water Mercury and Soil Mercury.
Mercury in the rice paddy was also supplied from the
irrigation water. The mercury concentrations in the irrigation
water were assumed to be the same as those in China’s surface
water, which are in the range of 4.3−690 ng/L for THg and
0.11−1.0 ng/L for MeHg.48 We chose the average values of
25.0 ng/L for THg and 0.5 ng/L for MeHg according to Yan et
al. (2012) as the unified input data of the mercury
concentration in the irrigation water.48 Another source of
mercury to paddies is mercury that is dissolved from soil
mercury. The soil mercury was considered to be the sum of the
geological background mercury and historical sedimentary
mercury. The concentrations of IHg and MeHg that were
dissolved into the pore water from the soil mercury were
calculated by using eqs S3 and S4. The soil mercury
concentrations in the topsoil (0−20 cm) were obtained from
the National Multi-Purpose Regional Geochemical Survey
(NMPRGS) of China.49,50 The soil mercury concentration was

matched with the rice paddy and was gridded into a resolution
of 1 km × 1 km by using ArcGIS (Figure S4), which ranged
from 3.3 to 18151.5 μg/kg.
2.1.2. Mercury Transport and Transformation in Rice

Paddies. Inorganic mercury originating from deposition and
irrigated water was assumed to exist as Hg2+ in the flood water
due to the high chemical and biological activities of dissolved
ionic and particulate-bound mercury. In flood water, Hg2+ and
MeHg undergo photoreduction and photodemethylation,
respectively.51−53 Therefore, the IHg input from atmospheric
deposition and irrigation water, Hg2+ reduction, MeHg
demethylation, and runoff was used to calculate the IHg
concentration in the flood water (eq S5). Generally, the MeHg
concentration in the pore water layer was higher than that in
the flood water (Table S5). Therefore, MeHg input from
irrigation water and the pore water layer, demethylation, and
runoff was used to calculate the MeHg concentration in the
flood water (eq S6). A numerical ordinary differential equation
solver (ode45) in MATLAB software was used to solve these
equations. Detailed information on the key parameters for eq
S6 is presented in Table S4.

IHg in the flood water acted as the upper boundary
concentration and diffused to the pore water layer. The
movement of IHg in the pore water layer included diffusion,
adsorption, methylation, and demethylation. The unit cell mass
conservation method was used to describe this process. Taking
an equilibrium unit at the tillage layer, the difference in IHg
mass in and out of the unit was equal to the increase in IHg
mass in the unit. Considering the mass conservation between
the mass produced by diffusion, source input, adsorption, and
chemical reaction in a short time (dt) and the mass change in
the unit, a differential equation was established, and the
deformation of the pore water layer was ignored to obtain eqs
1 and 2. The IHg concentrations in the pore water layer were
calculated by the implicit finite difference method. The
mercury concentrations in rice were calculated on a monthly
basis. The initial IHg concentration in the pore water was
assumed to be zero. IHg diffusion (represented by DI)
calculations utilized diffusion rates for IHg which ranged from
157.7 to 409.9 cm2/yr.54−56 The average value of 283.8 cm2/yr
was used as the unified input of DI. The adsorption process was
represented by the soil−water partition coefficient (Kd). The
soil−water partition coefficient was defined as the concen-
tration ratio between the solid and liquid phases and was a
function of dissolved organic matter (represented by DOC)
(Kd = 1.76 × 103 × DOC−1,49 R2 = 0.96).57

The MeHg in the pore water was mainly from the
methylation of IHg and MeHg that was desorbed by the soil
MeHg solution (eq 3). The methylation process in pore water
is affected by many factors, such as microbiology, the available
mercury content, pH, redox potential (Eh), SOM, iron, and
sulfur.16,19,23 The methylation rate of IHg in the pore water
layer was measured in the range of 0.012−40 yr−1.58 The
average value of 0.073 yr−1 from Zhao (2016)58 was used as
the unified input of km, which was used in the calculation of the
IHg concentration. Du et al. (2019) found that methylation
efficiency ( fm) was significantly correlated with the in situ soil
pH and SOM. They predicted the methylation efficiency using
a regression equation of fm with pH, SOM, and flooding time
(eq 4, R2 = 0.683, p < 0.0001).59 In our model, we applied the
mercury methylation efficiency and the regression equation to
acquire MeHg concentrations from the methylation of IHg. It
was noted that only bioavailable IHg (represented as CPIem)
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was easily methylated. The bioavailable IHg concentration was
calculated by using eq S7. Data on the pH, SOM, and BD with
a resolution of 1 km × 1 km were obtained from the soil
database of China for land surface modeling.32 ArcGIS was
used to match these data with the unit cell.

R
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f t

t

log ( 1.98 0.025pH 0.228log SOM)

0.913 ln
m

0.204= + ×

+ (4)

where CPI is the IHg concentration in the pore water, μg/m3.
DI is the diffusion coefficient of IHg, cm2/yr. km is the
methylation rate in the pore water layer, yr−1. DI and km are
described in detail in Table S4. II is the dissolved soil IHg in
the pore water, μg/m3. n is the porosity of the pore water layer.
Rd is the retention factor. CPM is the MeHg concentration in
the pore water layer, μg/m3. fm is the proportion of MeHg to
IHg in the pore water layer, which was calculated following Du
et al. (2019).59 CPIem is the bioavailable IHg concentration in
the pore water layer, μg/m3. IM is the MeHg concentration that
was dissolved from soil mercury in the pore water layer, μg/
m3; the calculation is presented in eq S4. BD is the soil bulk

density, g/cm3. Kd is the adsorption and desorption constant,
L/kg. SOM is the concentration of soil organic matter, mg/kg.
t is the rice planting time in days.
2.1.3. Mercury Accumulation in Rice Grain. MeHg and

IHg in pore water are absorbed by roots and transported to
rice grains for accumulation.12−14 Experiments have indicated
that MeHg in rice grain originates from soil MeHg.13,14,60

Thus, we considered MeHg accumulation only in rice grains
since they are the edible parts. We identified positive
correlations of MeHg concentrations between roots and soil
(Figure S5a, y = 2.37x, R2 = 0.88) and between rice roots and
grains (Figure S5b, y = 3.03x, R2 = 0.97). Soil MeHg includes
MeHg in the pore water and undissolved MeHg in the soil.
Thus, we calculated the rice root MeHg concentration from
the MeHg concentrations in the pore water and undissolved
MeHg in the soil. Then, we calculated the rice grain MeHg
concentration based on the above-mentioned two equations
(eqs S10−S12). Additional details can be found in Supporting
Information S2.3.

Rice grain can absorb GEM through the stomata and store it
as IHg.10,11,13 The absorption and assimilation coefficient
(represented by Kass) was used to represent the amount of
atmospheric mercury which was actually absorbed by leaves,
which was related to the properties of the leaves.43 During the
planting period of rice, the amount of mercury which leaves
absorbed from the atmosphere depended on the leaf area index
(LAI) and planting time. Our research summarized the
planting time series of single- and double-cropping rice in
each planting period (Table S1). Data on LAI were obtained

Figure 2. Simulated mercury concentrations in the rice grain and model validation. (a) Simulated THg concentrations in the rice grain at 1 km × 1
km grids; (b) comparison between the simulated and observed THg concentrations in the rice grain; (c) simulated MeHg concentrations in the
rice grain using 1 km × 1 km grids; and (d) comparison between the simulated and observed MeHg concentrations in the rice grain. The red lines
and blue lines in panels B and D represent the uncertainty ranges of ±50 and ±30%, respectively.
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from reprocessed MODIS data.61 According to data from the
literature, the IHg concentrations in rice grains and leaves had
a significant positive correlation (Figure S6, y = 0.91x, R2 =
0.99), and the slope was used as the migration coefficient of
IHg in leaves and rice grains. Therefore, we calculated the
concentration of IHg in rice grains using the migration
coefficient and the absorption and assimilation coefficient (eqs
S13 and S14), as described in Supporting Information S2.3.
2.2. Model Validation

The simulation results, including the THg and MeHg
concentrations in the flood water, pore water, and rice grains,
were compared with observations (see Table S5 in the
Supporting Information). The range of the observations was
generally within the range of the simulation results, except for
the maximum MeHg concentration in the flood water. The low
simulated MeHg concentration in the flood water was
attributed to the effect of demethylation, which was less
frequently measured in rice paddies and had a large uncertainty
range. The demethylation rate that was used in the model was
from lakes and rivers, which had higher light-use efficiency
than rice paddies.

We compared and verified the simulated concentrations of
rice grain THg and MeHg (Figure 2) with the experimental
data in the literature.62−68 Overall, the model was reliable. The
normalized mean bias (NMB) and normalized mean error
(NME) were used to evaluate the overall simulation effect of
multiple points (Supporting Information S2.2.4). The NMB
and NME of rice grain THg were −9.8 and 40.3%, respectively.
For low rice grain THg concentrations (e.g., less than 10 μg/
kg), the simulations and observations were relatively scattered.
For high concentrations of rice grain THg (e.g., higher than 10
μg/kg), the simulated and calibrated values at approximately
66.7% of points were within the 30% uncertainty range, which
showed better calibration results. The NMB and NME of rice
grain MeHg were −13.3 and 41.6%, respectively. The
calibration results of rice grain MeHg were relatively scattered;
however, the simulated and observed values for most sites were
still within the 50% uncertainty range.
2.3. Sensitivity Analysis

Sensitivity analyses were conducted to assess the influence of
key parameters on the rice grain MeHg concentration. Figure
S7 shows the results of the sensitivity analyses. They were

Figure 3. Provincial distribution characteristics of rice grain (a) THg and (b) MeHg. (Note: the black circles, red lines, and red crosses represent
the average, median, and singular values, respectively).
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based on uncertainty ranges from the literature or ±10%
perturbations, which we called an uncertain scenario. The
average rice grain MeHg concentration difference between the
uncertain scenario and the base scenario that was described in
Sections 2.1 and 2.2 was calculated to reflect the sensitivity. It
was found that the methylation rate in the pore water had the
greatest influence on the rice grain MeHg concentrations and
was within the range of −0.60 to 0.08 μg/kg (Figure S7a).
Similarly, other factors that may have contributed to the
decrease in rice grain MeHg were the runoff rate and reduction
rate in the flood water, and the ranges of decline were −0.31
and −0.14 μg/kg, respectively. We also analyzed the influence
by forcing ±10% changes to assess the average difference and
found that the runoff rate and reduction rate had greater effects
on the rice grain MeHg concentration, as shown in Figure S7b.
The rice grain MeHg concentration was more sensitive to the
reduction and runoff rates in the flood water. The reduction of
Hg2+ and the effect of surface runoff reduced the content of
bioavailable IHg, which, in turn, reduced the content of MeHg
that could be absorbed by rice plants.

3. RESULTS AND DISCUSSION

3.1. Concentrations and Source Apportionment of THg in
Rice Grain
The rice grain THg concentrations in China presented a
lognormal distribution with a median of 5.65 μg/kg and varied
between 0.08 and 243.6 μg/kg (Figure S8a). The distribution
of rice grain THg among provinces is shown in Figure 3a. The
top 10 provinces with relatively high THg concentrations were
Guizhou, Guangxi, Hunan, Guangdong, Jiangxi, Shaanxi,
Yunnan, Chongqing, Heilongjiang, and Hainan. These
provinces, except Shaanxi and Heilongjiang, are located in
South China, where double-cropping rice was planted. When
we considered the provincial average rice grain THg pollution
situation, we found that the average THg concentrations in all
provinces were lower than the mercury limit of 20 μg/kg for
Chinese rice grain69 (Figure 3a). However, based on high-
resolution rice grain THg concentrations, we determined that
approximately 0.72% of grids still exceeded the rice grain THg
concentrations, which were defined as heavily THg-polluted
grids.

To further identify the source contributions to rice grain
THg in China, we evaluated the contribution proportions of
different sources to rice grain THg concentrations in different
grids (Figure S9), and the probability density method was used
for analysis. On average, atmospheric mercury, soil mercury,
and irrigation water mercury contributed 81.3, 17.8, and 0.9%,
respectively, of rice grain THg in 2017 (Figure 4a). In detail,
rice leaf IHg absorption from GEM contributed the most

(73.2% on average) to the rice grain THg concentration,
whereas RGM and PBM deposition and absorption by roots
only accounted for 8.1%. Soil IHg and MeHg accounted for 2.5
and 15.3%, respectively, of rice grain THg. Therefore, the rice
grain THg distribution characteristics were dominated by
atmospheric GEM from the national perspective. However, the
spatial distribution of source contribution proportions to rice
grain THg significantly varied across the grid, which could be
observed from the wide span of the source contribution ratio in
Figure 4a. Grids with low GEM contributions were mainly
located in central and southwest Guizhou (Guiyang, Anshun,
and southwest Guizhou cities), Shanghai, east of Heilongjiang
(Shuangyashan and Jixi), south of Jiangsu (Suzhou and Wuxi
cities), and the Pearl River Delta (Foshan, Zhongshan, Zhuhai,
Dongguan, and Shenzhen cities) (Figure S9). These areas,
except the Pearl River Delta and Heilongjiang province, were
also characterized as heavy soil mercury pollution areas with
soil mercury contents that exceeded 300 μg/kg (Figure S4).
The high soil contribution in the Pearl River Delta was jointly
caused by relatively high soil mercury concentrations (Figure
S4) and low GEM deposition (Figure S2). However, the very
large difference in the soil contribution in Heilongjiang
province was due to soil heterogeneity, which was mainly
influenced by SOM.
3.2. Concentrations and Source Apportionment of MeHg
in Rice Grain

The rice grain MeHg concentrations in China also presented a
lognormal distribution with a median value of 1.30 μg/kg and
varied between 0.03 and 238.5 μg/kg (Figure S8b). The
provincial distribution of rice grain MeHg is shown in Figure
4b. We first ranked the provincial rice grain MeHg pollution
situations according to the provincial average MeHg
concentrations. The three provinces with the highest provincial
average rice grain MeHg concentrations were Guizhou,
Heilongjiang, and Hunan. In Guizhou province, over 89.0%
of rice paddy grids had soil THg concentrations of higher than
100 μg/kg. The high soil THg concentrations led to average
rice grain MeHg concentrations of as high as 5.54 μg/kg,
which was higher than the average values for other provinces.
In addition, approximately 0.27% of rice paddy grids had
concentrations that exceeded 100 μg/kg, and the highest value
exceeded 238.6 μg/kg. Heilongjiang and Hunan Provinces had
heavy rice grain MeHg pollution levels of approximately 2.93
and 2.64 μg/kg, respectively. However, the MeHg pollution
situations differed significantly between these two provinces.
The high rice grain MeHg concentrations in Hunan province
were mainly due to high overall soil mercury concentrations
(Figure S4), and the maximum rice grain MeHg value in
Hunan was only 11.9 μg/kg. However, the maximum rice grain

Figure 4. Source contributions to rice grain mercury concentrations. (a) THg and (b) MeHg.
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MeHg concentrations in Heilongjiang province reached as
high as 91.3 μg/kg, which elevated the overall provincial
average values in Heilongjiang. Therefore, using the provincial
average MeHg concentration to determine the rice grain
MeHg pollution situations resulted in high uncertainty due to
significant soil heterogeneity. This was because many grids
with low rice grain MeHg concentrations offset those with high
concentrations and hindered the distinction of heavily polluted
regions. The existence of many singular values and the
deviation between the provincial average value (black circle
mask) and the median value (red line) of rice grain MeHg in
most provinces indicated the importance of considering the
impact of soil heterogeneity (Figure 3b).

A high-resolution rice grain MeHg distribution map would
be capable of capturing heavily MeHg-polluted grids.
Currently, there is no rice grain MeHg concentration limit in
China. Considering the approximately 0.72% of grids with
excessive rice grain THg concentrations, we determined that
the top 0.72% of grids with high rice grain MeHg
concentrations were heavily MeHg-polluted grids, which
equaled to MeHg concentrations of higher than 11.5 μg/kg.
The MeHg-polluted grids were mainly concentrated in central
Guizhou province and in the junctions between Guizhou and
its surrounding provinces, including Guangxi, Hunan, Chongq-
ing, and Yunnan. Other heavily MeHg-polluted grids were
sparsely distributed in southern Yunnan, southwestern
Guangxi, central and southern Hunan, southeastern Fujian,
northern Zhejiang, eastern Anhui, southern and southwestern
Shaanxi, and eastern Heilongjiang. Compared to the

distributions of heavily THg-polluted and MeHg-polluted
grids, approximately 86.4% of heavily MeHg-polluted grids
were also heavily THg-polluted grids. These results indicated
that although atmospheric GEM was the main source of rice
grain THg nationally, the soil mercury concentration
determined whether a grid exceeded the rice grain THg limit
in most cases. Soil heterogeneity led to the wide span of rice
grain THg concentrations across grids. However, the
remaining 13.6% of the grids should also arouse our attention.
Considering that MeHg is the dominant species in terms of
risks to biota and human health, we need to reevaluate the
necessity of determining the safety threshold of rice grain
mercury based on MeHg concentrations.

In contrast to rice grain THg, MeHg in rice grains was
mainly from soil mercury (64.8% on average, Figure 4b).
Atmospheric mercury and irrigation water mercury accounted
for 31.6 and 3.6% of rice grain MeHg, respectively. These two
types of mercuries were methylated after diffusion from flood
water to pore water and absorbed by rice through roots.
Moreover, approximately 7.7% of the soil mercury that became
rice grain MeHg was from soil IHg, and 57.1% was from soil
MeHg. The soil MeHg mainly originated from in situ
methylation, which indicated the significance of soil hetero-
geneity to the production of MeHg in the tillage layer and rice
grain MeHg.
3.3. Methylation Potential of Rice Paddies

To determine the influence of soil heterogeneity on rice grain
MeHg, we further analyzed the methylation potential of rice
paddies across regions. The relationship between the IHg

Figure 5. Methylation potential of various regions. (a) High-methylation potential area screening and (b) spatial distributions of high-methylation
potential areas and grids with excessive rice grain THg concentrations (1 km × 1 km grids with a magnification factor of 50).

Figure 6. Methylation potential and its influencing factors (Δmethylation potential = adjusted scenario − base scenario).
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concentration in the pore water layer and the MeHg
concentration in the rice grain (minus the contribution of
soil MeHg desorption) is shown in Figure 5a. We determined
the slope in Figure 5a as the methylation potential of rice
paddies. Regions with greater methylation potential easily
resulted in higher rice grain MeHg concentrations under
similar environmental mercury concentrations. We defined the
grids for which the methylation potential was over 2 standard
deviations (2σ) greater than the region’s mean as high-
methylation potential grids, as shown in the shaded areas of the
figure (∼0.77% of the total). Approximately, 81.2% of the grids
that had high methylation potential were heavily THg-polluted
(rice grain THg >20 μg/kg, as shown in Figure 5b). We were
surprised to observe that these grids were also concentrated in
Guizhou province and junctions with surrounding provinces.
Therefore, the extremely high rice grain MeHg concentration
in Guizhou province originated from the coupled impact of
high mercury input and methylation potential. Another region
with high methylation potential was in Northeast China, where
the production of rice grain accounted for approximately 16%
of the total production in China. Therefore, although both the
atmospheric mercury and soil mercury concentrations were
quite low in these areas, there were still grids with heavy MeHg
pollution.

To further quantify the impacts of the heterogeneity of soil
components (mainly pH and SOM) on the methylation
potential, we analyzed the change in the spatial distribution of
the methylation potential when the values of the components
were set to the national mean values for rice paddy (adjusted
scenario) (Figure 6), and the base scenario was as established
in Sections 2.1 and 2.2. Generally, higher SOM may provide
more nutrients for methylation bacteria and, thus, promote
methylation. We observed significant decreases in methylation
potential in Heilongjiang and Jilin provinces, where the
regional SOM was significantly higher than the national
average. There were slight decreases in methylation potential
in southern Guizhou, southeastern Sichuan province, and
Chongqing city. The increase in pH prohibited the desorption
of soil mercury, thereby reducing the methylation potential of
the rice paddies. Slight decreases in the methylation potential
of rice paddies were also observed in eastern Heilongjiang,
central Jilin, southern Anhui, Zhejiang, southern Guizhou,
western Hunan, southeastern Sichuan provinces, and Chongq-
ing city. The combination of high SOM and low pH on
average in Northeast and Southwest China jointly resulted in

high methylation potential in these two regions. In addition,
we observed a much higher heterogeneity of SOM (0.16−
23.7%) than pH (4.2−9.8) in rice paddies, which led to a more
significant impact of SOM on the methylation potential of rice
paddies.

4. IMPLICATIONS FOR POLLUTION CONTROL AND
FUTURE STUDIES

Our study developed an RMTTM to identify the spatial
distributions of rice grain THg and MeHg concentrations with
a resolution of 1 × 1 km in China. Based on the high-
resolution rice grain THg concentrations, we identified the
heavily polluted THg grids with THg concentrations that
exceeded the national limit of 20 μg/kg (excluding Northeast
China, which is influenced by soil properties). We identified a
soil mercury concentration of 520 μg/kg and a GEM
deposition flux of 42 μg/m2/yr as the criteria for judging the
significance of the soil and air mercury impacts, respectively.
These two values were lowest in the grids with soil mercury
and GEM deposition fluxes, respectively, and highest in 0.72%
of grids. We then connected the grid-specific THg to human
activities and the natural geological background by compre-
hensively analyzing the point mercury emission inventories,
historical human activities, and distribution of mineral
resources.40,42

Based on the grid-specific rice grain THg and source types,
we divided the heavily polluted THg grids into four types, as
shown in Figure 7. Type 1 was called the air-dominated type,
where atmospheric mercury impact was the most significant.
Grids of type 1 were mainly located in the junction between
Guangxi and Guangdong provinces, central Guangdong, west
of Hainan, and northeast of Yunnan. Interestingly, these grids
were mainly located close to cement clinker production and
nonferrous metal smelters. These two industries were generally
characterized as having high emission intensity, which resulted
in high deposition flux in the surrounding areas. Type 2 was
called the air−soil (NFMS) type. Type 2 grids mainly
corresponded to the Chang−Zhu−Tan region of Hunan,
northern Huaihua of Hunan, Shaoguan city in Guangdong,
Longyan city in Fujian, Honghe city in Yunnan, and
Ma’anshan city in Anhui. Grids in these regions were under
the coupled impact of anthropogenic mercury emissions and
historical nonferrous metal smelting. For example, the Chang−
Zhu−Tan region was not only under the impact of current
atmospheric mercury emissions but also decades of mercury

Figure 7. Rice grain THg concentrations and source types in heavily THg-polluted grids.
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emissions and release which have led to increased mercury
concentrations in the soil. Wu et al. (2014) investigated the
soil mercury around a large zinc smelter in Zhuzhou city and
found that over half a century of mercury emissions has led to
an increase in mercury from 0.12 to 1.77 mg/kg in the soil
around the smelters.70 Type 3 was called the air−soil (metal)
type. Type 3 grids were characterized by significant impacts
from anthropogenic mercury emissions and historical metal
mining and were mainly located in western Hunan province
and northern Zhejiang province. Type 4 was called the soil
(Hg) type. Rice grain MeHg in these grids was mainly related
to current or historical mercury mining or the elevated
geological background concentration due to surrounding
mercury mines. Type 4 grids were mainly located in Guizhou
and surrounding areas and in south Shaanxi province.
Moreover, other highly polluted grids were mainly affected
by soil properties (partial grids in Yunnan and Sichuan
provinces), similar to the cause of high THg in Northeast
China.

These results indicated that elevated rice grain THg
pollution in China was mainly related to nonferrous metal
smelters, cement clinker production, and mercury and other
metal mining. For type 1 grids, it is necessary to reduce the
emission intensities of related cement clinker plants and
nonferrous metal smelters. If the related emission concen-
trations meet the standard, we need to evaluate the emission
limits of nonferrous metal smelters and cement clinkers from
the aspect of health protection. Alternatively, we should
establish a safe distance from the sources to the agricultural
land. Type 2 and type 3 grids were mainly related to historical
nonferrous metal smelting or mining, which have not only led
to mercury pollution but also caused other types of metal
pollutions. Therefore, relevantly contaminated sites should be
repaired, and multiple metals should be controlled before using
them as rice paddies. For type 4 grids, which corresponded to
an elevated natural geological background and mercury mining
activities, soil mercury tended to be high. However, the
bioavailability of mercury from geological sources was actually
lower than that of mercury from anthropogenic sources.
Therefore, rice grain MeHg may be overestimated in these
grids. In the future, it will be necessary to distinguish the
bioavailability of different sources of mercury and acquire more
accurate simulation results.

Moreover, we found that the proportions of rice grain MeHg
to THg varied from 1.7% to approximately 100% in China.
Even within provinces, we observed a wide variation range of
MeHg proportions. The resulting MeHg proportion at any
given grid was reduced to a competition between atmospheric
mercury absorption and soil mercury input since irrigation
water mercury could be almost ignored. However, the
heterogeneity of the soil was much greater than that of the
atmosphere, and the soil was the main source of rice grain
MeHg. This was why rice grain MeHg concentrations could be
over 100 μg/kg (Figure 2c), whereas the rice grain IHg
concentration was limited to 20.1 μg/kg (Figure S10).
Therefore, soil heterogeneity dominated the significant spatial
variation in the MeHg proportion. The previous assumption
that rice grain MeHg concentrations respond proportionally to
changes in atmospheric Hg was subject to high uncertainty.26

From a global perspective, we also found that the proportion
of MeHg to THg in polished rice grain varied greatly among
countries or regions. Because polishing reduces the THg
concentration in rice grain and has little effect on the MeHg

concentration,71,72 we calculated the MeHg proportion in
polished rice grain by adding 10% to the simulation results
according to the average increase proportion between polished
rice grain and unpolished rice grain.71 As presented in Figure
S11 and Table S4, the median proportion for Chinese polished
rice grain from our simulation results was 32.7%, which was
similar to the values in other Asian countries, with a median
value of 33.5%. However, the values were significantly lower
than the observed values in Europe and America. One possible
explanation for this phenomenon was the high atmospheric
mercury in Asia. Therefore, we can expect a quick decrease in
rice grain IHg when global atmospheric mercury emissions are
further reduced in the future. However, since MeHg poses a
more severe health impact on human beings, the effect of
mercury emission control on human health will be delayed.

Finally, there are uncertainties in the model-predicted rice
grain mercury contents and source apportionment. One source
of uncertainty is the sparse observational coverage of rice
MeHg and large variability across regions. Second, rice grain
MeHg originates mainly from soil mercury, especially in
mercury-contaminated sites. Soil mercury can be traced back
to anthropogenic activities that were conducted several
decades ago, which have not yet been considered. Thus, the
impact of atmospheric mercury emissions will be under-
estimated. The relationship between accumulative anthropo-
genic mercury emissions and release and soil mercury
concentrations still requires better evaluation of the effective-
ness of mercury regulatory policies. Third, due to the wide
uncertainty ranges of methylation and demethylation rates,
further measurements in rice paddies are needed to better
constrain the model uncertainty. Fourth, the model takes into
account the basic conditions of the rice field. Variables for
different rice rotations and fertilizer regimes are not considered
in the model, which is mainly due to the insignificant
differences in mainstream measures of rice grain MeHg.73−75

The use of straw treatment may impact the mercury
concentration and methylation process in rice fields, but due
to the limited data on rice straw treatment in various regions,
the effect of straw is not considered in the current model. In
addition to the refinement of each parameter of rice paddies, in
the future, the model can further take into account differences
in management methods, straw treatment, and changes in
various parameters with depth. For example, it can further
distinguish diffusion or advection with depth. This will better
constrain the RMTTM and provide a more accurate simulation
of mercury concentrations in rice.
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