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a b s t r a c t

Rice is a known bioaccumulator of methylmercury (MeHg). Rice consumption may be the primary
pathway of MeHg exposure in certain mercury (Hg)-contaminated areas of the world. Pakistan is the 4th-
largest rice exporter in the world after India, Thailand, and Vietnam. This study aimed to evaluate the Hg
contamination status of rice from Pakistan and the health risks associated with Hg exposure through its
consumption. 500 rice grain samples were collected from two major rice-growing provinces, Punjab and
Sindh, which contain 92% of Pakistan’s rice cultivation area. Analysis of polished rice showed mean total
Hg (THg) concentration of 4.51 ng.g�1, while MeHg concentrations of selected samples averaged
3.71 ng.g�1. Only 2% of the samples exceeded the permissible limit of 20 ng.g�1. Samples collected from
Punjab showed higher Hg contents than those from Sindh, possibly due to higher rates of urbanization
and industrialization. Rice samples collected from areas near brick-making kilns had the highest Hg
concentrations due to emissions from the low-quality coal burned. THg and MeHg contents varied by up
to five and fourfold, respectively, between point and non-point Hg pollution sites. Moreover, the %Hg as
MeHg in rice did not differ significantly between point and non-point Hg sources. Health risk was
assessed by calculating a mean probable daily intake, revealing that Hg intake through rice consumption
is within the safe limits recommended by the World Health Organization. However, rice intake may be a
substantive pathway of MeHg exposure because fish, which are another major source of Hg, are
consumed in Pakistan at some of the world’s lowest rates. This study provides fundamental data for
further understanding of the global issue of Hg contamination of rice and its related health risks.
Furthermore, the current study suggests there is a need to conduct further research in rice-growing areas
at the regional level.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Mercury (Hg) is a global contaminant and ubiquitous in the
natural environment. It can exist in three oxidation states metallic
(Hg0), mercuric (HgII) and mercurous (HgI) due to its physico-
chemical properties. Consequently, chemical speciation largely
determines Hg’s mobility and toxicity in the contamination of the
air, land, biota and water through natural or anthropogenic
e by Rinklebe.

o@vip.skleg.cn (B. Meng).
emissions (Fitzgerald et al., 2007;Mergler et al., 2007; O’Connor
et al., 2019; Ullrich et al., 2001). Although all forms of Hg are
toxic, among organic species, methylmercury (MeHg) is studied
extensively because it can cause neurological disorders in humans
and has the potential for biomagnification (Clarkson and Magos,
2006). Fish and other marine mammals occupy the upper trophic
levels of aquatic food webs, so can bioaccumulate and biomagnify
MeHg to high concentrations (Kidd et al., 2012; Lavoie et al., 2013).
Consumption of such fish is thought to be a primary MeHg expo-
sure pathway in humans (Al-Mughairi et al., 2013; Li et al., 2014).
Alternatively, previous studies have suggested that MeHg can also
bioaccumulate in terrestrial food webs (Ackerman et al., 2013;
Wang et al., 2020).
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Rice is grown across the globe and serves as the primary
nutrition source for 3 billion humans (Khush, 2005). Contamination
of rice paddy soil by anthropogenic activities such as Hg mining,
coal burning, chloralkali production, and using Hg-contaminated
water usage for irrigation has been reported (Feng and Qiu, 2008;
Li et al., 2009). Several studies conducted in Hg mining and non-
mining areas have demonstrated that rice grain has the highest
MeHg bioaccumulation capability of all cereals (Meng et al., 2010;
Qiu et al., 2008). A typical rice paddy behaves like a potential
hotspot of MeHg production, where inorganic Hg is converted into
a more toxic form (i.e. MeHg) by iron and sulfate-reducing bacteria,
methanogens, and archea under flooded (anoxic) soil conditions
(Fleming et al., 2006; Gilmour et al., 2013; Liu et al., 2014; Zhao
et al., 2016a, Zhao et al., 2016b). Elevated MeHg concentrations
have also been observed in rice, even in the absence of definite Hg
point sources (Horvat et al., 2003; Zhang et al., 2010b). Rice forms a
significant proportion of the diet of residents from inland Hg-
polluted areas and is considered a vital pathway of MeHg expo-
sure (Feng et al., 2008; Meng et al., 2014b). With international trade
and globalization, rice has also contributed significantly to human
MeHg exposure in areas distant from contamination sources in
recent years (Liu et al., 2019). Thus, human exposure to MeHg
through rice ingestion is an emerging threat worldwide that has
drawn the attention of researchers.

Agriculture holds an important position in the national econ-
omy of Pakistan. Each year, it produces an average of 6.8 million
tons of rice. The country is responsible for exporting 8.2% of the
world’s paddy rice. Most of these crops are grown in the fertile
Sindh and Punjab regions, with millions of farmers relying on rice
cultivation as their major source of income (PBS, 2014). Pakistan is a
developing country with rapid growth in population, urbanization,
and industrialization, which is causing environmental pollution
(Azizullah et al., 2011). Localized sources like chloralkali plants,
cement industries, lighting manufacturing industries, hospital
waste, municipal incinerators, and different coal-burning activities
are emitting Hg to the environmental matrices of Pakistan at rates
of 10,800e36,900 kg year�1 (Ali et al., 2019; Eqani et al., 2016;
Malkani, 2012). There are around 20,000 brick kilns in Pakistan
where handmade bricks are baked using poor-quality coal with the
fixed-chimney bulls trench kiln (FCBTK) technique. This process is
hazardous and the sector is highly unregulated and uncoordinated
(CCAC, 2018; Khan et al., 2019; Khattak et al., 2009). Hence, brick
kilns enrich the surrounding environment with heavy metals like
Pb, Zn, Cu, Hg, As, Cd, Se and Fe as byproducts of coal burning
(Ahmed and Hossain, 2008).

The Minamata Convention on Hg has provided guidelines for
coping with Hg pollution globally. However, knowledge of Hg
exposure remains limited due to data unavailability in various re-
gions and subpopulations (Basu et al., 2018). According to a recent
model-based study, across the world, India (South Asia) produced
the most total Hg (THg) in rice grain and residues (2.1 and 64 Mg,
respectively, in 2016), due to its large-scale rice production and the
relatively high THg concentrations (Al-Saleh and Abduljabbar,
2017; Brombach et al., 2017; Liu et al., 2019). Bangladesh had the
highest THg production density (3.8 and 120 g.km�2 in rice grain
and residues, respectively, in 2016), followed by India (0.80 and
25 g.km�2), primarily due to the high population densities and the
use of rice as a staple food in these countries (Liu et al., 2019).
However, the Hg contamination status of the rice system in
Pakistan remains unstudied. The present study aimed to assess the
Hg contamination status of rice grown in all major rice-growing
areas of Pakistan and the associated health risks of rice consump-
tion to the general population. Hotspots of Hg contamination and
associated sources in the study area are also highlighted. This study
quantifies the extent of Hg pollution in Pakistan’s rice system.
2. Materials and methods

2.1. Study area description

The Islamic Republic of Pakistan is a country in South Asia sit-
uated between 24.35390 and 35.91869� N and 61.74681e75.16683�

E (Fig. 1a). Rice is cultivated on 2.62 million ha in Pakistan, out of
which a 1.76million ha area in Punjab (which is themost populated
province and leading rice producer) has a total rice production of
3.17 million tons per annum (61% of national production) (PBS,
2014). The annual production of basmati rice in Pakistan is 2.9
million tones. Rice crops are cultivated mostly in the northern
irrigated plains, where rice-wheat crop rotation dominates. The
following 16 districts of Punjab are included in this study (Fig. 1b):
Lahore (LHR), Faisalabad (FSD), Sialkot (ST), Narowal (NRW), Mandi
Bahhaudin (MBD), Sahiwal (SHL), Okara (OKR), Kasur (KSR), Shei-
khupura (SHK), Hafizabad (HFZ), Gujrat (GT), Nankana Sahib (NKN),
Gujranwala (GRW), Chiniot (CHN), Pakpattan (PKP) and Baha-
walnagar (BNR). These districts are famous for producing a long-
grain, aromatic, fine rice variety known as basmati (bas ¼ aroma,
mati ¼ soil). Among all of these Lahore, Faisalabad, Kasur, Gujran-
wala, Sheikhupura, and Sialkot are also considered the industrial
hubs of the country for having industries ranging from the large-
scale to small cottage industries. The climate is sub-tropical and
sub-humid. The maximum temperature reaches 43 �C in summer
and theminimum can be 4 �C inwinter, with a maximum rainfall of
800 mm/year. Almost 80% of the precipitation falls in the monsoon
period (JulyeSeptember). Rice planting starts in MayeJuly and
harvesting takes place in OctobereNovember.

Sindh province is located in the southern part of Pakistan. Being
close to the Arabian Sea, it has a typical tropical climate in its lower
plains and a sub-tropical climate in its upper plains. Summer is hot
and humid, with temperatures of up to 50 �C, while winter is short
and mild. Six rice-growing districts in Sindh, namely Hyderabad
(HYD), Thatta (THA), Badin (BD), Dadu (DAD), Larkana (LRK), and
Shikarpur (SKR) were chosen for sample collection (Fig. 1b). The
rice-growing season starts and ends a little earlier in Sindh than in
Punjab because of the different climatic conditions. Cultivation of
various hybrid coarse grain rice varieties dominates in this part of
the country.

2.2. Sample collection and preparation

A total of 500 (n ¼ 500) rice grain samples were collected from
rice fields in major rice-growing areas of Sindh (n ¼ 86) and Punjab
(n ¼ 414) provinces, Pakistan, during the 2017 harvest season
(Fig. 1b & c). Punjab and Sindh represent 92% of total area under
rice cultivation in Pakistan (PBS, 2014). Both targeted and random
locations were sampled due to the large extent of the study area
and the lack of Hg contamination data (Table S1). All conventional
Hg emission sources (brick kilns, wastewater effluent, chloralkali
plants, industrial areas, coal-fired power plants, incinerators, etc.)
were considered as target locations (Fig. 2a). Samples were
collected at distances of 8e10 km to ensure uniform sampling
densities across both target and random sites, except for two types
of sites: chloralkali plant and coal-fired power plant. At each
sampling location, rice grains were collected from 4 to 5 healthy
plants within an area of 5e10 m2 using a pair of scissors. They were
homogenized thoroughly to form a representative composite
sample. At brick kiln locations, samples were collected 100e120 m
downwind from the brick kiln unit.

Samples were washed with drinking water and then deionized
water to remove particulate matter. Samples were air-dried in
plastic gauze bags for freeze-drying (Eyela, FDU 2110, Japan), husk
removal (huller, JLGJ4.5, China) and polishing (rice mill, JNMJ3,



Fig. 1. Geographical map of Pakistan(a) Major rice-growing districts of Punjab and Sindh provinces (b) and sampling locations of the current study (c).
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China). Samples were finally ground to a powder using a grinder
(IKA-A11 basic, IKA, Germany) and stored in polyethylene zip-lock
bags, then transported in polythene zip bags to China for Hg
analysis. Airtight vacuum bags were used to store samples in a
refrigerator at 4 �C. The grinder and all the accessories involved in
grinding were cleaned with ethanol and dried using a blow-drier
before each operation. All possible measures were taken to avoid
cross-contamination during the sample collection and processing.
2.3. Analytical methods

To analyze THg contents in rice samples, 0.3e0.5 g of each
powdered rice grain (white rice) samplewas digested after addition
of 5 ml nitric acid (HNO3), then heated in a water bath for 3 h at
95 �C. An appropriate volume of digested sample was taken for THg
determination by Cold vapor atomic fluorescence spectrometer
(CVAFS) (Brooks Rand Model III, Brooks Rand Laboratories, USA),
following BrCl oxidation, SnCl2 reduction, purging with N2 and
desorption of Hg at 450 �C (USEPA, 2002). All rice grain samples
(n¼ 500) were analyzed for THg concentrations. For MeHg analysis,
samples with THg concentrations >5 ng.g�1 (n ¼ 100) and
<5 ng.g�1 (n ¼ 24) were selected at random. This sample selection
process aimed to present the worst-case scenario of MeHg in all
samples more than average THg concentration for the current
study.

To quantify MeHg, an alkaline leaching and solvent extraction
method was used. About 0.2e0.3 g of sample was weighed and
digested with 25% KOH in an oven at 75e80 �C for up to 3 h. After
cooling to room temperature, samples were acidified using
concentrated HCl, then leachedwith dichloromethane (CH2Cl2) and
back-extracted from the solvent to the water phase. The MeHg in
samples was determined by CVAFS preceded by N2 purging, Gas
chromatography separation, and thermal decomposition to Hg0

steps based on United States Environmental Protection Agency
(USEPA) method 1630 (Liang et al., 1994, 1996; USEPA, 2001).
Ultrapure-grade acids and analytical-grade reagents were used for
analysis (Sinopharm Chemical Reagent Co, Ltd, China). The
dichloromethane reagent was of chromatographic grade (Tedia
Company, Inc., USA). All the glassware utilized in the analysis,
including glass tubes, bubblers, and beakers, were washed with
detergent and rinsed with deionized water (DI) and double-
distilled water (DDW). After washing, the glassware was pre-
heated in amuffle furnace at 500 �C for 2 h to ensure it had very low
blanks for Hg.
2.4. Calculation of PDI for MeHg and IHg

To estimate the probable daily intake (PDI) of MeHg and IHg
through rice consumption in the adult population of Pakistan,
Equation (1) was employed:

PDI¼C � IR� A
bw

(1)

PDI is expressed in micrograms per kilogram of body weight per
day (mg.kg�1 bw.d�1), bw ¼ 60 kg (Iqbal et al., 2016); C is the con-
centration of MeHg or IHg in rice (ng g�1); IR is the daily intake rate
(0.047 kg.d�1) (IRRI, 2013), and A is the Hg absorption rate of the
human body, taken as 7% for IHg (THg minus MeHg) and 95% for
MeHg (WHO, 1990). Human health risks caused by MeHg and IHg
exposure according to a rice intake hazard quotient (HQ) were
calculated using Equations (2) and (3). The HQ expresses the non-
carcinogenic effects of a substance when the level of exposure is



Fig. 2. Map showing the occurrence of different Hg sources encountered for the current study in rice-growing areas of Pakistan (a). THg concentrations measured in rice samples (b)
and MeHg levels (c).
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higher than the reference dose; there may be some adverse but
non-carcinogenic effects. The HQ for rice consumers in this study
was estimated by comparing the PTWI for IHg and RfD for MeHg
(Rothenberg et al., 2017; USEPA, 2000; Vieira et al., 2011). To esti-
mate an additive effect, HQ values can be combined for IHg and
MeHg to obtain a hazard index (HI; Eq. (4)) (Qian et al., 2010). A HI
value > 1 depicts adverse non-carcinogenic effects, while HQ or HI
values < 1 indicate no adverse health effects.

HQIHg ¼
PDI � 7
PTWI

(2)

HQMeHg ¼
PDI
RfD

(3)

HI¼HQIHg þ HQMeHg (4)

2.5. QA/QC, statistical analysis and geographical mapping

For each batch of THg and MeHg analysis, quality control was
assured by triplicating every tenth sample along with matrix
spikes, method blanks, and certified reference materials. The
method detection limits (3v) were observed as 0.005 ng.g�1 for THg
and 0.002 ng.g�1 for MeHg analysis. For all analyzed triplicate
samples, relative standard deviation percentages (RSD%)
retained < 5.6% for THg and <7.2% in the case of MeHg analysis.
Matrix spikes recoveries varied from 98e108% for THg and
92e106% for MeHg analysis. Various certified reference material
(CRM) GSB-11 (citrus leaf), GBW-100359 (rice flour), TORT-2
(Lobster Hepatopancrease), and TORT-3 (Lobster Hep-
atopancrease) were analyzed in the present study and the results
are listed in Table S2.

Dunn tests were applied to compare THg concentrations in rice
samples collected from brickmaking locations, industrial sites, and
other sites without known sources. Kruskal-Wallis one-way anal-
ysis of variance (ANOVA) tests on ranks were used to determine
significant differences (Figure 5), between the THg concentrations
of brick kiln samples and those of the other two groups. The lati-
tudes and longitudes of sampling locations were recorded by GPS
(Monterra, Garmin, USA) and the data were used to produce
geographical maps in ArcGIS version 10.5 software (ESRI, USA).
Data on THg and MeHg concentrations were subject to statistical
analysis using Sigma Plot (Version 14, Systat Software Inc, USA).
Measurements of Hg are presented as mean ± standard deviation
(SD) and other descriptive statistics. Relationships among variables
were determined by regression analysis. Significant differences
between group means were also calculated by one-way ANOVA.
Coefficients of correlation (r), regression (R2) and significance of
probabilities (p) were computed as well, using both linear and non-
linear regression models.
3. Results and discussion

3.1. THg in rice grains

The THg concentrations measured in all collected samples are
shown in Fig. 2b; they range from 0.44 to 157 ng.g�1 with a
mean ± SD of 4.51 ± 8.56 ng.g�1. The highest mean THg concen-
tration (6.75 ng.g�1) was found in the Okara district of Punjab,
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which had a range of 1.28e21.00 ng.g�1, followed by Bahawalnagar
(mean ¼ 6.47 ng.g�1, range ¼ 0.86e25.56 ng.g�1). The THg con-
centrations from all districts of Punjab and Sindh provinces are
shown in Fig. 3. ANOVA revealed significant differences in the THg
values of districts in Punjab (Fig. 3a). On the other hand, there was
no significant difference among the THg concentrations within
Sindh province (p ¼ 0.103; Fig. 3b), indicative of spatial homoge-
neity. Eighty percent (n ¼ 400) of analyzed rice samples had
THg < 5 ng.g�1. Only 10 samples (2% of total samples) exceeded the
permissible limit of 20 ng.g�1 (THg) in cereal grains recommended
by the Chinese National Standard Agency (GB2762, 2017). Chinese
standards for THg in cereal grains were considered as other na-
tional and international agencies do not provide THg limits. The
maximum THg concentration (157 ng.g�1) of all rice samples was
from the immediate vicinity (100 m downwind) of a chloralkali
plant in the Faisalabad district (Punjab), followed by a sample
(75.96 ng.g�1) collected from a rice paddy about 120 m away from
sludge pile on the other side of the same source (Fig. 2b). This
chemical industry started chloralkali production in 1985 with a
capacity of 30 MT/day. Other chemicals, like ammonium chloride
and bleaching powder, were also produced. Until 2005, chloralkali
production was increased to 450 MT/day. In 2006, the old Hg
chloralkali plant was disposed of and production was upgraded to
540 MT/day. Since 2010, the production of chloralkali has been
610 MT/day. Liquid carbon dioxide, calcium chloride, ammonium
chloride, and agrochemical production also occur at the same fa-
cility. Hg usage in industrial processes like chloralkali production
emitted 15.2 tons of Hg to the atmosphere in 2015 (AMAP/UNEP,
2019). These emissions can be in the form of elemental Hg,
wastewater and brine sludge, and have the potential to enrich the
atmosphere, soil, sediment, and water with Hg (Biester et al., 2002;
Grangeon et al., 2012; Hissler and Probst, 2006; Kinsey et al., 2004;
Ullrich et al., 2007; Xing et al., 2019a; Zhu et al., 2018b). The Hg cell
chloralkali manufacturing plant was replaced in 2006. However,
abandoned chloralkali plant sites can remain strong Hg contami-
nation sources (Song et al., 2018), causing remission of Hg0 from
previous deposits in surrounding soils and hazardous waste like
sludge or slurry (Wang et al., 2019; Zhu et al., 2018a). These
continued Hg0 emissions from legacy Hg deposition could be
responsible for the maximumHg contents in rice samples observed
in this study.

Considerable work has been done to quantify Hg speciation in
rice produced in different parts of the world (Table S3); however,
Fig. 3. Boxplots showing THg concentration comparisons in rice samples among different d
interquartile range (25th and 75th percentiles), while the band appearing in the (mid of the
Open squares represent mean values.
there have been no studies on Pakistan. There have been a few
studies conducted in India (Lenka et al., 1992; Sarkar et al., 2012;
Srikumar, 1993), but they only quantified THg concentrations in
rice. Recent research in China by Zhao and coworkers (Zhao et al.,
2019), depicted the contributions of non-point Hg sources to THg
concentrations in rice at several locations. The THg concentration
averaged 4.74 ng.g�1, which was used as a background level for
comparison with our study. For ease of comparison, samples were
segregated into two groups according to their THg concentrations.
Samples of <5 ng.g�1 THgwere considered to be fromnon-point Hg
pollution sources (Zhao et al., 2019). The aimwas to present data in
a better way and allow comparisonwith previous studies regarding
samples from contaminated and non-contaminated sites.

For non-point Hg-source sites in present study, the mean THg
concentration of samples (n ¼ 400) was 2.59 ng.g�1 (range:
0.44e4.91 ng.g�1). Similar mean THg concentrations have been
reported from non-contaminated sites in Guizhou Province, China
(2.8 ng.g�1, range ¼ 1.0e5.5 ng.g�1) and from similar sites in Hubei
Province, China (3.7 ng.g�1, range ¼ 1.9e6.8 ng.g�1 and 3.3 ng.g�1,
range ¼ 1.7e6.5 ng.g�1) (Rothenberg and Feng, 2012; Rothenberg
et al., 2011). Market-based surveys in Brazil reported a mean THg
concentration of 3.1 ng.g�1 (2.1e4.4 ng.g�1), while the reported
means of 2.1 ng.g�1 (1.6e3.3 ng.g�1; Spain), 2.6 ng.g�1

(1.3e3.7 ng.g�1; Thailand) (da Silva et al., 2010), 3.04 ± 2.07 ng.g�1

in UK (Brombach et al., 2017) and 2.91 ± 0.86 in Republic of Korea
(Eom et al., 2014) are highly consistent with the present study
(Table S3).

The mean ± SD THg concentration of the remaining samples
(n ¼ 100) was 12.20 ± 16.97 ng.g�1 (range ¼ 4.99e157 ng.g�1),
which might represent Hg-contaminated sites. The THg ranges
reported in the present study were dynamic and are largely com-
parable with the results of other studies conducted in Hg-polluted
areas. Rice samples exceeding the permissible limits could be
attributed to Hg pollution point-sources like industrial effluent
run-off (Cao et al., 2010), chemical plants (Cheng J et al., 2013),
industry (Haiyan and Stuanes, 2003), Hg mining sites (Feng et al.,
2008; Horvat et al., 2003; Meng et al., 2014b; Zhang et al., 2010a),
chloralkali plant (Lenka et al., 1992) and coal-fired power plant (Xu
et al., 2017) (Table S3).

Brick kilns are the most common Hg sources in the study area,
where low-grade coal, along with other materials, are used for
baking bricks. During the sampling campaign, rice samples (n¼ 46)
from locations close to brick kilns showed THg concentrations
istricts of two provinces of Pakistan Punjab(a) Sindh(b); Each box is representative of
box is 50th percentile (the median), and whisker extends from 10th to 90th quartiles.
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(mean ± SD ¼ 8.62 ± 6.95 ng.g�1, range ¼ 1.62e29.88 ng.g�1) that
were higher than the overall mean obtained in this study. Five
samples even exceeded the permissible limit of 20 ng.g�1. The least
significant differences were calculated among the THg concentra-
tions of the three groups (Fig. 5; p < 0.001), which indicated that
brick kilns were the most prominent Hg-emission sources related
to rice in the study area. Several studies have shown the effects of
brick kiln pollution on surrounding ecosystems, such as elevated
hydrogen fluoride accumulation in apricot, plum and mango leaves
(Ahmad et al., 2012). Soil and plant samples, including wheat
(Triticum aestivum), kikar (Acacia nilotica), deodar (Euphorbia heli-
oscopia) and grass (Cenchrus ciliaris) from locations near opera-
tional brick kilns in Pakistan were measured to have toxic amounts
of fluoride. Health impacts due to elevated fluoride concentrations
have been reported in kiln workers and neighboring populations
(Khalid and Mansab, 2015). Similarly, the deposition and accumu-
lation in high concentrations of heavy metals like Zn, Cu, Cd, Pb, Ni,
Mn, Se, and Fe have been reported as being higher in soil and
vegetation adjacent to brick kilns than at control sites (Achakzai
et al., 2017; Sikder et al., 2016). Hg accumulation in rice has not
been reported before in brick kiln surroundings. Note that these
brick kiln-related samples represent point-source Hg pollution
from each individual kiln.

Coal combustion has been highlighted as a concern for world-
wide public health due to its Hg contents (Pacyna et al., 2010). In
particular, the usage of coal in power plants is a major source of
anthropogenic Hg release to the atmosphere. Gaseous elemental
Hg (GEM) emissions from coal combustion for power generation
can be deposited in the form of oxidized and particulate Hg, which
severely impacts the locality of the facility (Carpi and Lindberg,
1997; Flues et al., 2002; Keeler et al., 2006). Pakistan is rich in
indigenous coal resources with estimated reserves of 185 billion
tons, of which 175 billion tons (95%) occur in the Thar coalfield of
Sindh Province. However, 97% of Pakistan’s coal reserves are clas-
sified as lignite (Ali et al., 2015; Malkani, 2012), which is the poorest
of all forms (including anthracite, bituminous and sub-bituminous)
due to its low energy, high moisture, low carbon, and high Hg,
sulfur, and nitrogen contents; hence, its use is of increasing envi-
ronmental concern (Dong, 2011). Higher proportions of gaseous
elemental Hg (Hg0) are emitted relative to gaseous oxidized Hg
(HgII) during the combustion of lignite coal compared with bitu-
minous coals (Dong, 2011). (The devastating effects of Hg in coal are
more concerning while referring to public health (Pavlish et al.,
2004,Vejahati et al., 2010). Ali et al. (2016) determined the Hg
contents of coal samples from the Thar coalfield of Pakistan and
found that the THg contents (mean ¼ 1120 mg.kg�1,
range ¼ 863e1460 mg.kg�1) were 10-fold higher than the global
mean of 100 mg.kg�1 Hg for lignite coals (Ketris and Yudovich,
2009; Yudovich and Ketris, 2005a, b). This locally-produced coal
is used extensively for firing bricks, with Pakistan’s brick kiln in-
dustry being the largest consumer of this low-grade coal (Rauf
et al., 2015; Rehman et al., 2017). Thus, elevated gaseous
elemental Hg levels near operational brick kilns during rice
growing season result increased Hg contents in rice grain. This
emitted Hg might also be deposited in paddy soil, then readily
methylated and accumulated in rice grain, as freshly-deposited Hg
is more susceptible to methylation (Meng et al., 2011; Meng et al.,
2014b; Zhao et al., 2016a). The extent of Hg pollution caused by
individual brick kiln units away from the source was not studied in
this work. However, it is imperative to conduct further in-depth
investigation of brick kilns due to the long-range atmospheric
transportation of Hg that originates from them.

The results also show the contribution of industrial activities to
Hg contents in rice in the Lahore, Gujranwala, Sialkot, Sheikhupura,
Sahiwal, and Faisalabad districts. The chloralkali industry in the
Faisalabad district has been highlighted and discussed for Hg
contamination above. Similarly, samples collected (n ¼ 5) from rice
fields around the recently established Qadirabad coal-fired power
plant (1300 MW capacity) in Sahiwal district had THg mean con-
tents of 4.48 ± 2.36 ng.g�1 (range ¼ 1.66e7.06 ng.g�1), which is not
high. This power plant is equipped with supercritical technology to
lower emissions, which could be the reason for the low THg con-
centrations observed. Three samples from Khudpur village in
Lahore were high in THg (mean ¼ 20.56 ± 6.40 ng.g�1,
range ¼ 17.00e22.79 ng.g�1). The probable source may be a nearby
industrial zone, as an industrial waste effluent drain passed
through the locale. The higher Hg concentrations in rice could be
related to higher gaseous elemental Hg deposition from ambient
industrial effluents near industrial sites (Xu et al., 2017). Describing
and assessing other sampled industrial sites, including the nature
of their emissions, were beyond the scope of this study; however, it
is imperative to conduct research focusing on the industrial zones
of the study area.

3.2. MeHg in rice grains

TheMeHg contents of all analyzed rice samples (n¼ 124) ranged
from 0.16 to 67.85 ng.g�1 with an arithmetic mean ± SD of
3.71 ± 6.69 ng.g�1 (Fig. 2c). The highest concentration of MeHg
(67.85 ng.g�1) was recorded in a rice sample collected from a site
near a chloralkali plant in Faisalabad district, which also had the
highest THg concentration, with 43% of the THg being recorded as
MeHg. The %Hg as MeHg in all samples ranged from 3 to 60% with a
mean ± SD of 32 ± 11%. A significant correlationwas found between
THg and MeHg concentrations in rice (r ¼ 0.89, p < 0.001; Fig. 4a)
but not between the ratio of %Hg as MeHg and THg concentration
(r ¼ 0.27, p ¼ 0.07; Fig. 4b), suggesting there are different enrich-
ment mechanisms for IHg and MeHg in rice (Li et al., 2008; Meng
et al., 2014a, 2010; 2011). ANOVA of MeHg values revealed non-
significant differences among samples from different districts
(Fig. 6; p ¼ 0.213), implying that there were similar MeHg levels in
rice paddy soil across the widely distributed sampling sites.

The MeHg results obtained by the current study were
segmented into two groups for better comparison of point and non-
point Hg sources. Rice samples with THg concentrations <5 ng.g�1

(n ¼ 24) measured a mean ± SD MeHg concentration of
1.25 ± 0.51 ng.g�1 (range ¼ 0.24e2.05 ng.g�1). The mean ± SD %Hg
as MeHg obtained for this segment was 28 ± 11% (range ¼ 6e49%).
This value is comparable with those of previous studies on MeHg in
rice from non-point Hg sources from different regions, including 15
Chinese provinces (0.682 ng.g�1, range ¼ 0.03e8.71 ng.g�1) (Zhao
et al., 2019), Cambodia (1.44 ng.g�1, range ¼ 1.17e1.96 ng.g�1)
(Cheng et al., 2013), and Madagascar (0.120 ng.g�1;
0.0150e1.10 ng.g�1) (Rothenberg et al., 2015), It is also comparable
with market-based studies from the UK (1.91 ± 1.07 ng.g�1,
range ¼ 0.110e6.45 ng.g�1) (Brombach et al., 2017) and China
(1.37 ± 1.18 ng.g�1, range¼ 0.0200e19.0 ng.g�1; Table S3) (Xu et al.,
2020). MeHg analysis of the remaining samples from Hg point
sources (n ¼ 100) had a mean ± SD concentration of
4.37 ± 7.39 ng.g�1 (range ¼ 0.16e67.84 ng.g�1) and %Hg as MeHg of
33 ± 11% (range ¼ 3e60%). Only two rice samples collected around
chloralkali plants had MeHg concentrations comparable with those
of highly contaminated sites (67.84 ng.g�1 and 29.81 ng.g�1). Our
MeHg findings are more or less consistent with work conducted at
Hg point-source sites; e.g., a coal-fired power plant (Xu et al., 2017),
Hg mining sites (Feng et al., 2008; Rothenberg et al., 2013), and
historical gold mining sites (Windham-Myers et al., 2014)
(Table S3).

The overall %Hg as MeHg evaluated by this study
(mean ¼ 32 ± 11%, range ¼ 3e60%) is consistent with the findings



Fig. 4. Relationship between THg and MeHg concentrations in rice from Pakistan(a). Relationship obtained between %Hg as MeHg and THg in rice from the study area(b).

Fig. 5. Comparison of THg concentrations among collected rice samples from vicinities
of brick kilns, industrial zones, and all other samples from Pakistan. Each box is
representative of the interquartile range (25th and 75th percentiles), while the band is
appearing in the (mid of the box is 50th percentile (the median), and whisker extends
from 10th to 90th quartiles. Open squares represent mean values.

Fig. 6. Boxplots showing MeHg concentration comparisons in rice samples among
different districts of two provinces of Pakistan (Punjab Sindh); Each box is represen-
tative of interquartile range (25th and 75th percentiles), while the band appearing in
the (mid of the box is 50th percentile (the median), and whisker extends from 10th to
90th quartiles. Open squares represent mean values.

M.W. Aslam et al. / Environmental Pollution 263 (2020) 114625 7
of Feng et al. and Rothenberg et al. (Feng et al., 2008; Rothenberg
et al., 2011) (Table S3). However, %Hg as MeHg did not differ
significantly between polluted and non-polluted sites in the pre-
sent study, implying there were similar methylation rates in the
paddy soils sampled across these extensive locations (Rothenberg
et al., 2014). Furthermore, there are other factors that can influ-
ence MeHg%, like rice variety, microbial activity, and soil properties
(N, S, organic matter and pH) (Beckers and Rinklebe, 2017;
Rothenberg et al., 2012; Salman et al., 2019; Xing et al., 2019b).

3.2.1. Probable factors influencing rice MeHg contents
Each ecosystem has its own unique combination of environ-

mental factors, making it difficult to accurately predict net Hg
methylation rates in different environments (Ma et al., 2019).
Similarly, the mechanisms of Hg methylation or demethylation in
rice paddies, MeHg accumulation in rice plants, and their control-
ling factors are complex and far from being fully understood (Zhao
et al., 2020). Hg methylation rates in soil are considered to be a
function of the interaction between various geochemical factors
(e.g., temperature, anoxia, pH, organic carbon, sulfur, iron
speciation), which are further influenced by rice paddy cultural and
management practices (Benoit et al., 2003; Marvin-DiPasquale
et al., 2003, Marvin-DiPasquale et al., 2014; Rothenberg et al.,
2014; Ullrich et al., 2001). These factors may vary across the
globe’s geographical regions, which may explain the wide range of
MeHg concentrations in rice grain observed in the current study.
The factors relevant to the study area are discussed below.

In the study area, the wetland rice production system is prac-
ticed. Lowland rice is primarily cultivated on clayey soils under
puddled soil conditions (Jehangir et al., 2007). Puddling is an or-
dinary tillage operation used to create a soft soil bed by tilling
paddy soil at field capacity. This land preparation method aims to
control weed infestation, nutrient leaching, and water percolation,
thereby promoting a flooded environment favorable to rice growth
(Fang et al., 2019). It also degrades soil aggregation and porosity,
leading to the formation of an impermeable hardpan or plow layer
(Zhang et al., 2016). Puddled soil may retain more Hg(II) than un-
puddled soil (as it does other nutrients), which could elevate rice
MeHg contents.
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The conventional rice cultivation irrigation regime used in
Pakistan is continuous flooding in bundled units with ponding
depths of 50e75 mm, which is maintained by 15e25 irrigation
events over the 100e150 day growth period (Ahmad et al., 2007;
Jehangir et al., 2007). These over-supplemented irrigation practices
ensure complete anoxic conditions in the root zone. Fields are
drained only 14e20 days before harvest. Mid-season drainage is
not practiced in Pakistan, which is similar to alternate wetting and
drying (AWD) irrigation methods.

Weather data for the rice-growing season (JuneeSeptember)
over 1981e2010 showed a mean maximum temperature range of
34e38 �C and mean minimum temperature range of 22e26.5 �C in
the rice cultivation regions of the country. Agriculture in Pakistan is
vulnerable to the potential impacts of climate change; by 2050,
there is predicted to be more precipitation and a mean maximum
temperature increase of 2e2.5 �C during the rice-growing season
(Ahmad et al., 2015; Bokhari et al., 2017). Temperature has been
reported to contribute 30% of the variation in net Hg(II) methyl-
ation rates, with an optimum temperature of 35 �C observed in
surficial river sediments (Ullrich et al., 2001). The relatively high
MeHg concentrations found in rice samples from Southern China
may be due to high soil MeHg contents. There are probably elevated
soil Hg and temperatures in this region (Xu et al., 2020). While,
microbial Hg methylation rates being accelerated by the high
temperature (Loseto et al., 2004; Ma et al., 2019).

Crop residue burning after harvest is a matter of concern as it
degrades air quality, not only in Pakistan and India but also across
all of South Asia (Bijay-Singh et al., 2008; Irwin, 2014; Singh and
Kaskaoutis, 2014). Incineration of biomass, including rice crop
residues, contributed 24% of global atmospheric Hg emissions in
2006 (Streets et al., 2009). Elemental Hg (Hg0) is one of the
dominant forms of Hg released by biomass burning. Moreover, it
potentially increases soil MeHg levels and methylation rates in
response to elevated inorganic Hg(II) availability (Caldwell et al.,
2000), due to the fact that newly deposited Hg is more easily
methylated into MeHg in paddy soils (Meng et al., 2010, 2011; Zhao
et al., 2016b). The incorporation of rice plant residues into paddy
soils is another potential cause of enhanced Hg(II) methylation
rates, owing to readily available carbon being released upon residue
degradation (Kalbitz et al., 2013; Liu et al., 2016; Rothenberg et al.,
2014; Tang et al., 2018). In Pakistan, black carbon and organic car-
bon emissions caused by crop residue burning increased by 63%
from 2000 to 2014 (Azhar et al., 2019). According to Edmondson
et al. (2015), black carbon accounts for 28e39% of total organic
carbon stocks, depending upon soil texture.

Hg methylation rates seemed to be influenced by the above-
mentioned factors in the rice cropping system of Pakistan, which
sufficiently reasoned for obtained MeHg concentrations in selected
samples of the current study. Thus, the elevated MeHg concentra-
tions observed indicate that there are active Hg pollution sources in
some areas. Moreover, MeHg in rice is more likely a function of
proximity to a current Hg pollution source (Qiu et al., 2013; Zhang
et al., 2010a). Likewise, newly deposited Hg is more prone to
methylation (Meng et al., 2010). Furthermore, thorough investiga-
tion is required to validate the interactions of these factors with
other intrinsic soil parameters as related to MeHg contamination in
rice.

3.3. Chronic MeHg exposure through rice intake in Pakistan

In Pakistan, wheat is a staple food for the population and rice is
not a primary source of carbohydrates. The per capita rice con-
sumption of Pakistan and other countries of South and Southeast
Asia are shown in Table S4. It is known that IHg and MeHg have
different exposure pathways, metabolism, and uptake in the
human body, with MeHg being more toxic than IHg to humans.
Therefore, we considered MeHg and IHg data for rice separately to
assess the health risk. The mean PDI for MeHg calculated in this
exploratory study was 0.0028 mg.kg�1 bw.d�1.bw with a range of
0.0001e0.0505 mg.kg�1 bw.d�1, which is 35 times lower value than
the limit of 0.10 mg.kg�1 bw.d�1 prescribed by the World Health
Organization (JECFA, 2003) and 80 times less than the 0.23 mg.kg�1

bw.d�1 limit of the USEPA (USEPA, 2001b).
Similarly, the mean PDI for IHg intake through rice ingestion in

the country is 0.0004 mg.kg�1 bw.d�1 with a range of
0.0001e0.0049 mg.kg�1 bw.d�1. This is 1400 times lower than the
permissible limit of 0.57 mg.kg�1 bw.d�1. This limit was established
based on a provisional tolerable weekly intake (PTWI) of 4 mg.kg�1

bw.week�1 for IHg rather than the previous dose of 5 mg.kg�1

bw.week�1 for THg due to the different absorption rates of inor-
ganic and organic Hg by humans (JECFA, 2010). HQs were estimated
for both IHg (0.0049; Eq. (2)) and MeHg (0.0280; Eq. (3)), with the
HI (0.0330; Eq. (4)) for the combined pathway having values far less
than 1. Several previous studies have predicted HQ or HI values less
than 1. The HQ and HI values of our work are lower than or
consistent with those studies (Han et al., 2019; Li et al., 2015; Qian
et al., 2010; Wang et al., 2017; Xu et al., 2020). Conclusively, rice
from the study area is safe to consume. It should be noted that the
health risk assessment undertaken in this study was only based on
the 124 samples for which MeHg was determined, which also had
relatively high concentrations of THg. Lower PDI values were ob-
tained here as less rice is consumed in Pakistan than wheat. In
different areas of the world, aquatic food is the primary source of
Hg exposure to humans, accounting for 95% of MeHg exposure
(Houserova et al., 2007). In Pakistan, fish is not the primary source
of protein and its consumption is only 1.9 kg per person per year
(Table S2). This intake rate is much lower than that of the rest of the
world (Food and Agriculture Organization of the United Nations,
2013; Laghari, 2018). A lack of studies on MeHg concentrations in
fish from Pakistan prevents us from estimating the contribution of
MeHg to overall PDI (i.e., in combinationwith rice). AlthoughMeHg
intake through rice is within safe limits in Pakistan, chronic low-
level MeHg exposure is still detrimental to humans and can lead
to neurotoxicity (NRC, 2000).

4. Conclusions and recommendations

The results of this large-scale exploratory study on Hg
contamination in the rice cropping system of Pakistan revealed
very low levels of Hg contamination. The general population of
Pakistan is at low risk of MeHg and IHg exposure through rice
consumption. Significantly higher Hg levels were observed in rice
samples collected in proximity to brick kilns than in those from
other areas. These higher Hg contents can be attributed to the
burning of poor-quality coal for baking bricks. Further work is ur-
gently needed to ascertain the relative contributions of the various
Hg sources in the study area. Relatively high MeHg values in rice
from certain areas raises a concern that should be dealt with ac-
cording to an integrated approach that considers all possible factors
responsible for such contamination. The Hg contamination status of
paddy soils will be analyzed further to highlight the behavior of Hg
species according to local environmental and geochemical condi-
tions, with an emphasis on Hg origins. It is imperative to conduct
further work to quantify MeHg contributions from fish and other
foodstuffs to PDI. There is a need for national organizations to
determine ingestion rates at the district and provincial levels,
which will help to provide a more detailed picture of the intake of
Hg and other pollutants by residents of specific areas of the country.
Although the PDIs of Hg through rice intake were found to be safe
both for IHg and MeHg (due to the general preference for wheat
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over rice in Pakistan) any shift to a preference for rice, either at the
individual or general levels, could be cause for concern.

CRediT authorship contribution statement

Muhammad Wajahat Aslam: Conceptualization, Formal anal-
ysis, Investigation, Methodology, Writing - original draft, Visuali-
zation, Data curation.Waqar Ali: Investigation, Formal analysis. Bo
Meng: Supervision, Project administration, Funding acquisition,
Conceptualization, Methodology, Validation, Visualization, Writing
- review & editing, Resources. Muhammad Mohsin Abrar: Data
curation, Formal analysis. Benqi Lu: Investigation. Chongyang Qin:
Investigation, Resources. Lei Zhao: Visualization, Writing - review
& editing. Xinbin Feng: Supervision, Conceptualization, Project
administration, Funding acquisition.

Acknowledgments

This work was funded by the Strategic Priority Research Pro-
grams of the Chinese Academy of Sciences the Pan-Third Pole
Environment Study for a Green Silk Road (Pan-TPE,
XDA2004050201), the National Natural Science Foundation of
China (41931297, 41703130, and 41673025), and CAS “Light of West
China” program. MuhammadWajahat Aslamwas supported by the
CAS-TWAS president doctoral fellowship program for this research
work. Authors are gratified to Muhammad Umar Farooq, Rizwan Ali
and Bilal Haider from Hivox (Pvt.) Ltd. for providing logistics and
supports during the sampling campaign in Pakistan.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.envpol.2020.114625.

References

Achakzai, K., Khalid, S., Bibi, A., 2017. Determination of heavy metals in agricultural
soil adjacent to functional brick kilns: a case study of Rawalpindi. Sci. Technol.
Dev. 34, 122e129.

Ackerman, J.T., Herzog, M.P., Schwarzbach, S.E., 2013. Methylmercury is the pre-
dominant form of mercury in bird eggs: a synthesis. Environ. Sci. Technol. 47,
2052e2060.

Ahmad, A., Ashfaq, M., Rasul, G., Wajid, S.A., Khaliq, T., Rasul, F., Saeed, U.,
Rahman, M.H.u., Hussain, J., Ahmad Baig, I., 2015. Impact of climate change on
the riceewheat cropping system of Pakistan. HANDBOOK of CLIMATE CHANGE
and AGROECOSYSTEMS: the Agricultural Model Intercomparison and
Improvement Project. In: Part 2. Integrated Crop and Economic Assessments,
pp. 219e258.

Ahmad, M.-U.-D., Turral, H., Masih, I., Giordano, M., Masood, Z., 2007. Water Saving
Technologies: Myths and Realities Revealed in Pakistan’s Rice-Wheat Systems.
International Water Management Institute (IWMI).

Ahmad, M.N., van den Berg, L.J., Shah, H.U., Masood, T., Büker, P., Emberson, L.,
Ashmore, M., 2012. Hydrogen fluoride damage to vegetation from peri-urban
brick kilns in Asia: a growing but unrecognised problem? Environ. Pollut.
162, 319e324.

Ahmed, S., Hossain, I., 2008. Applicability of air pollution modeling in a cluster of
brickfields in Bangladesh. Chem. Eng. Res. Bull. 12, 28e34.

Al-Saleh, I., Abduljabbar, M., 2017. Heavy metals (lead, cadmium, methylmercury,
arsenic) in commonly imported rice grains (Oryza sativa) sold in Saudi Arabia
and their potential health risk. Int. J. Hyg Environ. Health 220, 1168e1178.

Al-Mughairi, S., Yesudhason, P., Al-Busaidi, M., Al-Waili, A., Al-Rahbi, W.A., Al-
Mazrooei, N., Al-Habsi, S.H., 2013. Concentration and exposure assessment of
mercury in commercial fish and other seafood marketed in Oman. J. Food Sci.
78, T1082eT1090.

Ali, J., Kazi, T.G., Afridi, H.I., Baig, J.A., Arain, M.S., Farooq, S., 2016. The evaluation of
sequentially extracted mercury fractions in Thar coal samples by using different
extraction schemes. Int. J. Coal Geol. 156, 50e58.

Ali, J., Kazi, T.G., Baig, J.A., Afridi, H.I., Arain, M.S., Brahman, K.D., Panhwar, A.H., 2015.
Arsenic in coal of the Thar coalfield, Pakistan, and its behavior during com-
bustion. Environ. Sci. Pollut. Control Ser. 22, 8559e8566.

Ali, W., Junaid, M., Aslam, M.W., Ali, K., Rasool, A., Zhang, H., 2019. A Review on the
Status of Mercury Pollution in Pakistan: Sources and Impacts. Arch. Environ.
Contam. Toxicol. 1e9. A Review on the Status of Mercury Pollution in Pakistan:
Sources and Impacts.
AMAP/UNEP, 2019. Technical Background Report for the Global Mercury Assess-
ment 2018, Arctic Monitoring and Assessment Programme. Norway/UNEP
Chemicals Branch Geneva, Oslo. Switzerland. ISBN e 978-82-7971-108-7.

Azhar, R., Zeeshan, M., Fatima, K., 2019. Crop residue open field burning in Pakistan;
multi-year high spatial resolution emission inventory for 2000e2014. Atmos.
Environ. 208, 20e33.

Azizullah, A., Khattak, M.N.K., Richter, P., H€ader, D.-P., 2011. Water pollution in
Pakistan and its impact on public healthda review. Environ. Int. 37, 479e497.

Basu, N., Horvat, M., Evers, D.C., Zastenskaya, I., Weihe, P., Tempowski, J., 2018.
A state-of-the-science review of mercury biomarkers in human populations
worldwide between 2000 and 2018. Environ. Health Perspect. 126, 106001.

Beckers, F., Rinklebe, J., 2017. Cycling of mercury in the environment: sources, fate,
and human health implications: a review. Crit. Rev. Environ. Sci. Technol. 47,
693e794.

Benoit, J., Gilmour, C.C., Heyes, A., Mason, R., Miller, C., 2003. Geochemical and
biological controls over methylmercury production and degradation in aquatic
ecosystems. Biogeochemistry of Environmentally Important Trace Elements.

Biester, H., Müller, G., Sch€oler, H., 2002. Estimating distribution and retention of
mercury in three different soils contaminated by emissions from chlor-alkali
plants: part I. Sci. Total Environ. 284, 177e189.

Bijay-Singh, S., Yh, J.-B., Se, Y.-S., Buresh, R., 2008. Crop residue management for
lowland rice-based cropping systems in Asia. Adv. Agron. 98, 117e199.

Bokhari, S., Rasul, G., Ruane, A., Hoogenboom, G., Ahmad, A., 2017. The past and
future changes in climate of the rice-wheat cropping zone in Punjab, Pakistan.
Pakistan J. Meteorol. 13.

Brombach, C.-C., Manorut, P., Kolambage-Dona, P.P., Ezzeldin, M.F., Chen, B.,
Corns, W.T., Feldmann, J., Krupp, E.M., 2017. Methylmercury varies more than
one order of magnitude in commercial European rice. Food Chem. 214,
360e365.

Caldwell, C., Canavan, C., Bloom, N., 2000. Potential effects of forest fire and storm
flow on total mercury and methylmercury in sediments of an arid-lands
reservoir. Sci. Total Environ. 260, 125e133.

Cao, H., Chen, J., Zhang, J., Zhang, H., Qiao, L., Men, Y., 2010. Heavy metals in rice and
garden vegetables and their potential health risks to inhabitants in the vicinity
of an industrial zone in Jiangsu, China. J. Environ. Sci. 22, 1792e1799.

Carpi, A., Lindberg, S.E., 1997. Sunlight-mediated emission of elemental mercury
from soil amended with municipal sewage sludge. Environ. Sci. Technol. 31,
2085e2091.

Ccac, S., 2018. Climate and Clean Air Coalition.
Cheng J, J., Zhao, W., Wang, Q., Liu, X., Wang, W., 2013. Accumulation of mercury,

selenium and PCBs in domestic duck brain, liver and egg from a contaminated
area with an investigation of their redox responses. Environ. Toxicol. Pharma-
col. 35, 388e394.

Cheng, Z., Wang, H.-S., Du, J., Sthiannopkao, S., Xing, G.-H., Kim, K.-W., Yasin, M.S.M.,
Hashim, J.H., Wong, M.-H., 2013. Dietary exposure and risk assessment of
mercury via total diet study in Cambodia. Chemosphere 92, 143e149.

Clarkson, T.W., Magos, L., 2006. The toxicology of mercury and its chemical com-
pounds. Crit. Rev. Toxicol. 36, 609e662.

da Silva, M.J., Paim, A.P.S., Pimentel, M.F., Cervera, M.L., De la Guardia, M., 2010.
Determination of mercury in rice by cold vapor atomic fluorescence spec-
trometry after microwave-assisted digestion. Anal. Chim. Acta 667, 43e48.

Dong, N., 2011. Utilisation of Low Rank Coals. IEA Report. CCC 182.
Edmondson, J.L., Stott, I., Potter, J., Lopez-Capel, E., Manning, D.A., Gaston, K.J.,

Leake, J.R., 2015. Black carbon contribution to organic carbon stocks in urban
soil. Environ. Sci. Technol. 49, 8339e8346.

Eom, Y., Kim, D.-Y., Han, S.H., Lee, T.G., 2014. Preparation of quality control materials
for the determination of mercury in rice. Food Chem. 147, 361e366.

Eqani, S.A.M.A.S., Bhowmik, A.K., Qamar, S., Shah, S.T.A., Sohail, M., Mulla, S.I.,
Fasola, M., Shen, H., 2016. Mercury contamination in deposited dust and its
bioaccumulation patterns throughout Pakistan. Sci. Total Environ. 569,
585e593.

Fang, H., Rong, H., Hallett, P.D., Mooney, S.J., Zhang, W., Zhou, H., Peng, X., 2019.
Impact of soil puddling intensity on the root system architecture of rice (Oryza
sativa L.) seedlings. Soil Tillage Res. 193, 1e7.

Feng, X., Li, P., Qiu, G., Wang, S., Li, G., Shang, L., Meng, B., Jiang, H., Bai, W., Li, Z.,
2008. Human exposure to methylmercury through rice intake in mercury
mining areas, Guizhou province, China. Environ. Sci. Technol. 42, 326e332.

Feng, X., Qiu, G., 2008. Mercury pollution in Guizhou, southwestern Chinadan
overview. Sci. Total Environ. 400, 227e237.

Fitzgerald, W.F., Lamborg, C.H., Hammerschmidt, C.R., 2007. Marine biogeochemical
cycling of mercury. Chem. Rev. 107, 641e662.

Fleming, E.J., Mack, E.E., Green, P.G., Nelson, D.C., 2006. Mercury methylation from
unexpected sources: molybdate-inhibited freshwater sediments and an iron-
reducing bacterium. Appl. Environ. Microbiol. 72, 457e464.

Flues, M., Moraes, V., Mazzilli, B., 2002. The influence of a coal-fired power plant
operation on radionuclide concentrations in soil. J. Environ. Radioact. 63,
285e294.

Food and Agriculture Organization of the United Nations, F., 2013. FAOSTAT.
GB2762, 2017. Maximum Levels of Contaminants in Foods. The National Standard of

the People’s Republic of China.
Gilmour, C.C., Podar, M., Bullock, A.L., Graham, A.M., Brown, S.D., Somenahally, A.C.,

Johs, A., Hurt Jr., R.A., Bailey, K.L., Elias, D.A., 2013. Mercury methylation by novel
microorganisms from new environments. Environ. Sci. Technol. 47,
11810e11820.

Grangeon, S., Gu�edron, S., Asta, J., Sarret, G., Charlet, L., 2012. Lichen and soil as

https://doi.org/10.1016/j.envpol.2020.114625
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref1
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref1
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref1
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref1
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref2
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref2
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref2
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref2
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref3
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref3
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref3
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref3
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref3
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref3
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref3
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref3
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref4
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref4
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref4
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref5
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref5
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref5
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref5
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref5
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref6
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref6
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref6
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref7
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref7
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref7
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref7
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref8
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref8
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref8
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref8
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref8
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref9
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref9
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref9
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref9
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref10
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref10
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref10
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref10
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref11
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref11
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref11
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref11
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref11
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref12
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref12
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref12
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref12
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref13
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref13
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref13
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref13
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref13
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref14
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref14
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref14
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref14
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref14
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref15
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref15
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref15
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref16
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref16
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref16
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref16
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref17
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref17
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref17
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref18
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref18
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref18
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref18
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref18
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref19
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref19
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref19
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref20
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref20
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref20
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref21
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref21
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref21
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref21
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref21
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref22
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref22
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref22
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref22
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref23
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref23
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref23
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref23
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref24
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref24
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref24
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref24
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref25
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref26
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref26
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref26
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref26
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref26
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref27
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref27
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref27
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref27
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref28
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref28
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref28
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref29
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref29
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref29
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref29
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref30
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref31
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref31
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref31
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref31
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref32
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref32
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref32
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref33
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref33
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref33
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref33
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref33
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref34
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref34
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref34
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref34
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref35
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref35
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref35
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref35
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref36
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref36
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref36
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref36
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref37
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref37
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref37
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref38
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref38
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref38
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref38
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref39
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref39
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref39
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref39
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref40
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref41
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref41
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref42
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref42
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref42
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref42
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref42
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref43
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref43


M.W. Aslam et al. / Environmental Pollution 263 (2020) 11462510
indicators of an atmospheric mercury contamination in the vicinity of a chlor-
alkali plant (Grenoble, France). Ecol. Indicat. 13, 178e183.

Haiyan, W., Stuanes, A.O., 2003. Heavy metal pollution in air-water-soil-plant sys-
tem of zhuzhou city, hunan province, China. Water Air Soil Pollut. 147, 79e107.

Han, J., Chen, Z., Pang, J., Liang, L., Fan, X., Li, Q., 2019. Health risk assessment of
inorganic mercury and methylmercury via rice consumption in the urban city of
guiyang, southwest China. Int. J. Environ. Res. Publ. Health 16, 216.

Hissler, C., Probst, J.-L., 2006. Impact of mercury atmospheric deposition on soils
and streams in a mountainous catchment (Vosges, France) polluted by chlor-
alkali industrial activity: the important trapping role of the organic matter.
Sci. Total Environ. 361, 163e178.

Horvat, M., Nolde, N., Eajon, V., Jereb, V., Logar, M., Lojen, S., 2003. Total mercury,
methylmercury and selenium in mercury polluted areas in the province Guiz-
hou. China Sci. Total Environ. 304, 231e256. Find this article online.

Houserova, P., Kub�a�n, V., Kr�a�cmar, S., Sitko, J., 2007. Total mercury and mercury
species in birds and fish in an aquatic ecosystem in the Czech Republic. Environ.
Pollut. 145, 185e194.

Iqbal, S.Z., Asi, M.R., Hanif, U., Zuber, M., Jinap, S., 2016. The presence of aflatoxins
and ochratoxin A in rice and rice products; and evaluation of dietary intake.
Food Chem. 210, 135e140.

IRRI, 2013. International Rice Research Institute, Rice Almanac, fourth ed. GRiSP
(Global Rice Science Partnership), Los Ba~nos (Philippines), p. 283.

Irwin, A., 2014. Black carbon: tackling crop-residue burning in South Asia. Global
Change 83, 8e11.

JECFA, 2003. Sixty-first Meeting. Summary and Conclusions. Joint FAO/WHO Expert
Committee on Food Additives, Rome, Italy.

JECFA, 2010. Evaluation of Certain Food Additives: Seventy-First Report of the Joint
FAO/WHO Expert Committee on Food Additives, Joint FAO/WHO Expert Com-
mittee on Food Additives. World Health Organization.

Jehangir, W.A., Masih, I., Ahmed, S., Gill, M.A., Ahmad, M., Mann, R.A.,
Chaudhary, M.R., Qureshi, A.S., Turral, H., 2007. Sustaining crop water produc-
tivity in rice-wheat systems of South Asia: a case study from the Punjab. IWMI,
Pakistan.

Kalbitz, K., Kaiser, K., Fiedler, S., K€olbl, A., Amelung, W., Br€auer, T., Cao, Z., Don, A.,
Grootes, P., Jahn, R., 2013. The carbon count of 2000 years of rice cultivation.
Global Change Biol. 19, 1107e1113.

Keeler, G.J., Landis, M.S., Norris, G.A., Christianson, E.M., Dvonch, J.T., 2006. Sources
of mercury wet deposition in eastern Ohio, USA. Environ. Sci. Technol. 40,
5874e5881.

Ketris, M., Yudovich, Y.E., 2009. Estimations of Clarkes for Carbonaceous biolithes:
world averages for trace element contents in black shales and coals. Int. J. Coal
Geol. 78, 135e148.

Khalid, S., Mansab, S., 2015. Effect of fluorides on air, water, soil and vegetation in
peripheral areas of Brick Kiln of Rawalpindi. Pakistan J. Bot. 47, 205e209.

Khan, M.W., Ali, Y., De Felice, F., Salman, A., Petrillo, A., 2019. Impact of brick kilns
industry on environment and human health in Pakistan. Sci. Total Environ. 678,
383e389.

Khattak, S., Khan, T., Jan, M., 2009. Social analysis of the Brick production units in
Pakistan. In: Proceedings of 12th Sustainable Development Conference (SDC),
pp. 21e23.

Khush, G.S., 2005. What it will take to feed 5.0 billion rice consumers in 2030. Plant
Mol. Biol. 59, 1e6.

Kidd, K., Clayden, M., Jardine, T., 2012. Bioaccumulation and biomagnification of
mercury through food webs. Environmental Chemistry and Toxicology of
Mercury. Wiley, Hoboken, pp. 455e499.

Kinsey, J.S., Anscombe, F., Lindberg, S.E., Southworth, G.R., 2004. Characterization of
the fugitive mercury emissions at a chlor-alkali plant: overall study design.
Atmos. Environ. 38, 633e641.

Laghari, M.Y., 2018. Aquaculture in Pakistan: challenges and opportunities. Int. J.
Fish. Aquat. Stud. 6, 56e59.

Lavoie, R.A., Jardine, T.D., Chumchal, M.M., Kidd, K.A., Campbell, L.M., 2013. Bio-
magnification of mercury in aquatic food webs: a worldwide meta-analysis.
Environ. Sci. Technol. 47, 13385e13394.

Lenka, M., Panda, K.K., Panda, B.B., 1992. Monitoring and assessment of mercury
pollution in the vicinity of a chloralkali plant. IV. Bioconcentration of mercury in
in situ aquatic and terrestrial plants at Ganjam, India. Arch. Environ. Contam.
Toxicol. 22, 195e202.

Li, M., Sherman, L.S., Blum, J.D., Grandjean, P., Mikkelsen, B., Weihe, P.l.,
Sunderland, E.M., Shine, J.P., 2014. Assessing sources of human methylmercury
exposure using stable mercury isotopes. Environ. Sci. Technol. 48, 8800e8806.

Li, P., Du, B., Chan, H.M., Feng, X., 2015. Human inorganic mercury exposure, renal
effects and possible pathways in Wanshan mercury mining area, China. Envi-
ron. Res. 140, 198e204.

Li, P., Feng, X., Qiu, G., Shang, L., Li, Z., 2009. Mercury pollution in Asia: a review of
the contaminated sites. J. Hazard Mater. 168, 591e601.

Li, P., Feng, X., Qiu, G., Shang, L., Wang, S., 2008. Mercury exposure in the population
from Wuchuan mercury mining area, Guizhou, China. Sci. Total Environ. 395,
72e79.

Liang, L., Horvat, M., Bloom, N., 1994. An improved speciation method for mercury
by GC/CVAFS after aqueous phase ethylation and room temperature pre-
collection. Talanta 41, 371e379.

Liang, L., Horvat, M., Cernichiari, E., Gelein, B., Balogh, S., 1996. Simple solvent
extraction technique for elimination of matrix interferences in the determina-
tion of methylmercury in environmental and biological samples by ethylation-
gas chromatography-cold vapor atomic fluorescence spectrometry. Talanta 43,
1883e1888.
Liu, M., Zhang, Q., Cheng, M., He, Y., Chen, L., Zhang, H., Cao, H., Shen, H., Zhang, W.,

Tao, S., 2019. Rice life cycle-based global mercury biotransport and human
methylmercury exposure. Nat. Commun. 10, 1e14.

Liu, Y.-R., Dong, J.-X., Han, L.-L., Zheng, Y.-M., He, J.-Z., 2016. Influence of rice straw
amendment on mercury methylation and nitrification in paddy soils. Environ.
Pollut. 209, 53e59.

Liu, Y.-R., Zheng, Y.-M., Zhang, L.-M., He, J.-Z., 2014. Linkage between community
diversity of sulfate-reducing microorganisms and methylmercury concentra-
tion in paddy soil. Environ. Sci. Pollut. Control Ser. 21, 1339e1348.

Loseto, L.L., Siciliano, S.D., Lean, D.R., 2004. Methylmercury production in high arctic
wetlands. Environ. Toxicol. Chem.: Int. J. 23, 17e23.

Ma, M., Du, H., Wang, D., 2019. Mercury methylation by anaerobic microorganisms:
a review. Crit. Rev. Environ. Sci. Technol. 49, 1893e1936.

Malkani, M.S., 2012. A review of coal and water resources of Pakistan. J. Sci. Technol.
Dev. 31, 202e218.

Marvin-DiPasquale, M., Agee, J., Bouse, R., Jaffe, B., 2003. Microbial cycling of
mercury in contaminated pelagic and wetland sediments of San Pablo Bay,
California. Environ. Geol. 43, 260e267.

Marvin-DiPasquale, M., Windham-Myers, L., Agee, J.L., Kakouros, E., Kieu, L.H.,
Fleck, J.A., Alpers, C.N., Stricker, C.A., 2014. Methylmercury production in sedi-
ment from agricultural and non-agricultural wetlands in the Yolo Bypass, Cal-
ifornia, USA. Sci. Total Environ. 484, 288e299.

Meng, B., Feng, X., Qiu, G., Anderson, C.W., Wang, J., Zhao, L., 2014a. Localization and
speciation of mercury in brown rice with implications for Pan-Asian public
health. Environ. Sci. Technol. 48, 7974e7981.

Meng, B., Feng, X., Qiu, G., Cai, Y., Wang, D., Li, P., Shang, L., Sommar, J., 2010. Dis-
tribution patterns of inorganic mercury and methylmercury in tissues of rice
(Oryza sativa L.) plants and possible bioaccumulation pathways. J. Agric. Food
Chem. 58, 4951e4958.

Meng, B., Feng, X., Qiu, G., Liang, P., Li, P., Chen, C., Shang, L., 2011. The process of
methylmercury accumulation in rice (Oryza sativa L.). Environ. Sci. Technol. 45,
2711e2717.

Meng, M., Li, B., Shao, J.-j., Wang, T., He, B., Shi, J.-b., Ye, Z.-h., Jiang, G.-b., 2014b.
Accumulation of total mercury and methylmercury in rice plants collected from
different mining areas in China. Environ. Pollut. 184, 179e186.

Mergler, D., Anderson, H.A., Chan, L.H.M., Mahaffey, K.R., Murray, M., Sakamoto, M.,
Stern, A.H., 2007. Methylmercury exposure and health effects in humans: a
worldwide concern. AMBIO A J. Hum. Environ. 36, 3e11.

NRC, 2000. Toxicological Effects of Methylmercury. National Academies Press.
O’Connor, D., Hou, D., Ok, Y.S., Mulder, J., Duan, L., Wu, Q., Wang, S., Tack, F.M.,

Rinklebe, J., 2019. Mercury speciation, transformation, and transportation in
soils, atmospheric flux, and implications for risk management: a critical review.
Environ. Int. 126, 747e761.

Pacyna, E.G., Pacyna, J., Sundseth, K., Munthe, J., Kindbom, K., Wilson, S.,
Steenhuisen, F., Maxson, P., 2010. Global emission of mercury to the atmosphere
from anthropogenic sources in 2005 and projections to 2020. Atmos. Environ.
44, 2487e2499.

Pavlish, J.H., Holmes, M.J., Benson, S.A., Crocker, C.R., Galbreath, K.C., 2004. Appli-
cation of sorbents for mercury control for utilities burning lignite coal. Fuel
Process. Technol. 85, 563e576.

PBS, 2014. Agricultural Statistics of Pakistan.Area and Production of Important
Crops. Pakistan Bureau of Statistics.

Qian, Y., Chen, C., Zhang, Q., Li, Y., Chen, Z., Li, M., 2010. Concentrations of cadmium,
lead, mercury and arsenic in Chinese market milled rice and associated popu-
lation health risk. Food Contr. 21, 1757e1763.

Qiu, G., Feng, X., Li, P., Wang, S., Li, G., Shang, L., Fu, X., 2008. Methylmercury
accumulation in rice (Oryza sativa L.) grown at abandoned mercury mines in
Guizhou, China. J. Agric. Food Chem. 56, 2465e2468.

Qiu, G., Feng, X., Meng, B., Zhang, C., Gu, C., Du, B., Lin, Y., 2013. Environmental
geochemistry of an abandoned mercury mine in Yanwuping, Guizhou Province,
China. Environ. Res. 125, 124e130.

Rauf, O., Wang, S., Yuan, P., Tan, J., 2015. An overview of energy status and devel-
opment in Pakistan. Renew. Sustain. Energy Rev. 48, 892e931.

Rehman, S., Cai, Y., Mirjat, N., Walasai, G., Shah, I., Ali, S., 2017. The future of sus-
tainable energy production in Pakistan: a system dynamics-based approach for
estimating hubbert peaks. Energies 10, 1858.

Rothenberg, S.E., Feng, X., 2012. Mercury cycling in a flooded rice paddy. J. Geophys.
Res.: Biogeosciences 117.

Rothenberg, S.E., Feng, X., Dong, B., Shang, L., Yin, R., Yuan, X., 2011. Characterization
of mercury species in brown and white rice (Oryza sativa L.) grown in water-
saving paddies. Environ. Pollut. 159, 1283e1289.

Rothenberg, S.E., Feng, X., Zhou, W., Tu, M., Jin, B., You, J., 2012. Environment and
genotype controls on mercury accumulation in rice (Oryza sativa L.) cultivated
along a contamination gradient in Guizhou, China. Sci. Total Environ. 426,
272e280.

Rothenberg, S.E., Mgutshini, N.L., Bizimis, M., Johnson-Beebout, S.E.,
Ramanantsoanirina, A., 2015. Retrospective study of methylmercury and other
metal (loid) s in Madagascar unpolished rice (Oryza sativa L.). Environ. Pollut.
196, 125e133.

Rothenberg, S.E., Windham-Myers, L., Creswell, J.E., 2014. Rice methylmercury
exposure and mitigation: a comprehensive review. Environ. Res. 133, 407e423.

Rothenberg, S.E., Yin, R., Hurley, J.P., Krabbenhoft, D.P., Ismawati, Y., Hong, C.,
Donohue, A., 2017. Stable mercury isotopes in polished rice (Oryza sativa L.) and
hair from rice consumers. Environ. Sci. Technol. 51, 6480e6488.

http://refhub.elsevier.com/S0269-7491(19)37842-X/sref43
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref43
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref43
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref44
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref44
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref44
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref45
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref45
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref45
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref46
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref46
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref46
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref46
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref46
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref47
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref47
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref47
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref47
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref48
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref48
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref48
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref48
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref48
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref48
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref49
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref49
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref49
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref49
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref50
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref50
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref50
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref51
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref51
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref51
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref52
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref52
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref53
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref53
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref53
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref54
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref54
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref54
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref54
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref55
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref55
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref55
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref55
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref55
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref55
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref56
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref56
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref56
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref56
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref57
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref57
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref57
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref57
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref58
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref58
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref58
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref59
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref59
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref59
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref59
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref60
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref60
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref60
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref60
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref61
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref61
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref61
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref62
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref62
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref62
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref62
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref63
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref63
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref63
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref63
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref64
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref64
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref64
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref65
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref65
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref65
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref65
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref66
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref66
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref66
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref66
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref66
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref67
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref67
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref67
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref67
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref68
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref68
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref68
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref68
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref69
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref69
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref69
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref70
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref70
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref70
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref70
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref71
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref71
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref71
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref71
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref72
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref72
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref72
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref72
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref72
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref72
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref73
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref73
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref73
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref73
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref74
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref74
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref74
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref74
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref75
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref75
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref75
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref75
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref76
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref76
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref76
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref77
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref77
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref77
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref78
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref78
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref78
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref79
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref79
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref79
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref79
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref80
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref80
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref80
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref80
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref80
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref81
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref81
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref81
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref81
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref82
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref82
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref82
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref82
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref82
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref83
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref83
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref83
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref83
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref84
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref84
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref84
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref84
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref85
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref85
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref85
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref85
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref86
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref87
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref87
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref87
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref87
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref87
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref88
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref88
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref88
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref88
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref88
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref89
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref89
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref89
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref89
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref90
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref90
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref91
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref91
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref91
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref91
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref92
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref92
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref92
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref92
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref93
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref93
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref93
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref93
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref94
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref94
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref94
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref95
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref95
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref95
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref96
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref96
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref97
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref97
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref97
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref97
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref98
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref98
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref98
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref98
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref98
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref99
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref99
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref99
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref99
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref99
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref100
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref100
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref100
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref101
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref101
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref101
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref101


M.W. Aslam et al. / Environmental Pollution 263 (2020) 114625 11
Rothenberg, S.E., Yu, X., Zhang, Y., 2013. Prenatal methylmercury exposure through
maternal rice ingestion: insights from a feasibility pilot in Guizhou Province,
China. Environ. Pollut. 180, 291e298.

Salman, S.A., Zeid, S.A., Seleem, E.-M.M., Abdel-Hafiz, M.A., 2019. Soil character-
ization and heavy metal pollution assessment in Orabi farms, El Obour, Egypt.
Bull. Natl. Res. Cent. 43, 42.

Sarkar, A., Aronson, K.J., Patil, S., Hugar, L.B., 2012. Emerging health risks associated
with modern agriculture practices: a comprehensive study in India. Environ.
Res. 115, 37e50.

Sikder, A.H.F., Begum, K., Parveen, Z., Hossain, M.F., 2016. Assessment of macro and
micro nutrients around brick kilns agricultural environment. Inf. Process. Agric.
3, 61e68.

Singh, R.P., Kaskaoutis, D.G., 2014. Crop residue burning: a threat to South Asian air
quality. Eos, Trans. Am. Geophys. Union 95, 333e334.

Song, Z., Li, P., Ding, L., Li, Z., Zhu, W., He, T., Feng, X., 2018. Environmental mercury
pollution by an abandoned chlor-alkali plant in Southwest China. J. Geochem.
Explor. 194, 81e87.

Srikumar, T., 1993. The mineral and trace element composition of vegetables, pulses
and cereals of southern India. Food Chem. 46, 163e167.

Streets, D.G., Zhang, Q., Wu, Y., 2009. Projections of global mercury emissions in
2050. Environ. Sci. Technol. 43, 2983e2988.

Tang, Z., Fan, F., Wang, X., Shi, X., Deng, S., Wang, D., 2018. Mercury in rice (Oryza
sativa L.) and rice-paddy soils under long-term fertilizer and organic amend-
ment. Ecotoxicol. Environ. Saf. 150, 116e122.

Ullrich, S.M., Ilyushchenko, M.A., Kamberov, I.M., Tanton, T.W., 2007. Mercury
contamination in the vicinity of a derelict chlor-alkali plant. Part I: sediment
and water contamination of Lake Balkyldak and the River Irtysh. Sci. Total
Environ. 381, 1e16.

Ullrich, S.M., Tanton, T.W., Abdrashitova, S.A., 2001. Mercury in the aquatic envi-
ronment: a review of factors affecting methylation. Crit. Rev. Environ. Sci.
Technol. 31, 241e293.

USEPA, 2000. Risk-based Concentration Table. US EPA, Washington DC,
Philadelphia.

USEPA, 2001b. Water quality criterion for the protection of human health-
methylmercury. Office of Science and Technology, Office of Water. US Envi-
ronmental Protection Agency, USEPA.

USEPA, 2002. Method 1631, Revision E: Mercury in Water by Oxidation, Purge and
Trap, and Cold Vapor Atomic Fluorescence Spectrometry. US Environmental
Protection Agency Washington, DC.

USEPA, 2001. Method 1630: Methyl Mercury in Water by Distillation, Aqueous
Ethylation, Purge and Trap. CVAFS.

Vejahati, F., Xu, Z., Gupta, R., 2010. Trace elements in coal: associations with coal
and minerals and their behavior during coal utilizationeA review. Fuel 89,
904e911.

Vieira, C., Morais, S., Ramos, S., Delerue-Matos, C., Oliveira, M., 2011. Mercury,
cadmium, lead and arsenic levels in three pelagic fish species from the Atlantic
Ocean: intra-and inter-specific variability and human health risks for con-
sumption. Food Chem. Toxicol. 49, 923e932.

Wang, C., Song, Z., Li, Z., Zhu, W., Li, P., Feng, X., 2019. Mercury speciation and
mobility in salt slurry and soils from an abandoned chlor-alkali plant, South-
west China. Sci. Total Environ. 652, 900e906.

Wang, G., Gong, Y., Zhu, Y.-X., Miao, A.-J., Yang, L.-Y., Zhong, H., 2017. Assessing the
risk of Hg exposure associated with rice consumption in a typical city (Suzhou)
in eastern China. Int. J. Environ. Res. Publ. Health 14, 525.

Wang, J., Shaheen, S.M., Anderson, C.W., Xing, Y., Liu, S., Xia, J., Feng, X., Rinklebe, J.r.,
2020. Nanoactivated carbon reduces mercury mobility and uptake by oryza
sativa L: mechanistic investigation using spectroscopic and microscopic tech-
niques. Environ. Sci. Technol. 54, 2698e2706.

WHO, M., 1990. Environmental Health Criteria 101. World Health Organization,
Geneva, pp. 1e144.

Windham-Myers, L., Marvin-DiPasquale, M., Kakouros, E., Agee, J.L., Kieu, L.H.,
Stricker, C.A., Fleck, J.A., Ackerman, J.T., 2014. Mercury cycling in agricultural and
managed wetlands of California, USA: seasonal influences of vegetation on
mercury methylation, storage, and transport. Sci. Total Environ. 484, 308e318.

Xing, Y., Wang, J., Shaheen, S.M., Feng, X., Chen, Z., Zhang, H., Rinklebe, J., 2019a.
Mitigation of mercury accumulation in rice using rice hull-derived biochar as
soil amendment: a field investigation. J. Hazard Mater. 121747.

Xing, Y., Wang, J., Xia, J., Liu, Z., Zhang, Y., Du, Y., Wei, W., 2019b. A pilot study on
using biochars as sustainable amendments to inhibit rice uptake of Hg from a
historically polluted soil in a Karst region of China. Ecotoxicol. Environ. Saf. 170,
18e24.

Xu, X., Han, J., Pang, J., Wang, X., Lin, Y., Wang, Y., Qiu, G., 2020. Methylmercury and
inorganic mercury in Chinese commercial rice: implications for overestimated
human exposure and health risk. Environ. Pollut. 258, 113706.

Xu, X., Meng, B., Zhang, C., Feng, X., Gu, C., Guo, J., Bishop, K., Xu, Z., Zhang, S., Qiu, G.,
2017. The local impact of a coal-fired power plant on inorganic mercury and
methyl-mercury distribution in rice (Oryza sativa L.). Environ. Pollut. 223,
11e18.

Yudovich, Y.E., Ketris, M., 2005a. Mercury in coal: a review Part 2. Coal use and
environmental problems. Int. J. Coal Geol. 62, 135e165.

Yudovich, Y.E., Ketris, M., 2005b. Mercury in coal: a review: Part 1. Geochemistry.
Int. J. Coal Geol. 62, 107e134.

Zhang, H., Feng, X., Larssen, T., Qiu, G., Vogt, R.D., 2010b. In inland China, rice, rather
than fish, is the major pathway for methylmercury exposure. Environ. Health
Perspect. 118, 1183e1188.

Zhang, H., Feng, X., Larssen, T., Shang, L., Li, P., 2010a. Bioaccumulation of methyl-
mercury versus inorganic mercury in rice (Oryza sativa L.) grain. Environ. Sci.
Technol. 44, 4499e4504.

Zhang, Z., Zhou, H., Lin, H., Peng, X., 2016. Puddling intensity, sesquioxides, and soil
organic carbon impacts on crack patterns of two paddy soils. Geoderma 262,
155e164.

Zhao, H., Yan, H., Zhang, L., Sun, G., Li, P., Feng, X., 2019. Mercury contents in rice and
potential health risks across China. Environ. Int. 126, 406e412.

Zhao, L., Anderson, C.W., Qiu, G., Meng, B., Wang, D., Feng, X., 2016a. Mercury
methylation in paddy soil: source and distribution of mercury species at a Hg
mining area, Guizhou Province, China. Biogeosciences 13, 2429e2440.

Zhao, L., Meng, B., Feng, X., 2020. Mercury methylation in rice paddy and accu-
mulation in rice plant: a review. Ecotoxicol. Environ. Saf. 195, 110462.

Zhao, L., Qiu, G., Anderson, C.W., Meng, B., Wang, D., Shang, L., Yan, H., Feng, X.,
2016b. Mercury methylation in rice paddies and its possible controlling factors
in the Hg mining area, Guizhou province, Southwest China. Environ. Pollut. 215,
1e9.

Zhu, W., Li, Z., Li, P., Yu, B., Lin, C.-J., Sommar, J., Feng, X., 2018a. Re-emission of
legacy mercury from soil adjacent to closed point sources of Hg emission. En-
viron. Pollut. 242, 718e727.

Zhu, W., Song, Y., Adediran, G.A., Jiang, T., Reis, A.T., Pereira, E., Skyllberg, U.,
Bj€orn, E., 2018b. Mercury transformations in resuspended contaminated sedi-
ment controlled by redox conditions, chemical speciation and sources of
organic matter. Geochem. Cosmochim. Acta 220, 158e179.

http://refhub.elsevier.com/S0269-7491(19)37842-X/sref102
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref102
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref102
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref102
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref103
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref103
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref103
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref104
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref104
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref104
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref104
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref105
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref105
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref105
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref105
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref106
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref106
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref106
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref107
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref107
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref107
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref107
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref108
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref108
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref108
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref109
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref109
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref109
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref110
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref110
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref110
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref110
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref111
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref111
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref111
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref111
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref111
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref112
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref112
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref112
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref112
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref113
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref113
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref114
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref114
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref114
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref115
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref115
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref115
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref116
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref116
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref117
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref117
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref117
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref117
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref117
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref118
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref118
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref118
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref118
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref118
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref119
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref119
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref119
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref119
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref120
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref120
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref120
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref121
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref121
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref121
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref121
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref121
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref122
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref122
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref122
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref123
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref123
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref123
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref123
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref123
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref124
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref124
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref124
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref125
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref125
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref125
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref125
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref125
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref126
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref126
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref126
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref127
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref127
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref127
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref127
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref127
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref128
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref128
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref128
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref129
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref129
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref129
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref130
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref130
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref130
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref130
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref131
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref131
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref131
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref131
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref132
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref132
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref132
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref132
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref133
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref133
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref133
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref134
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref134
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref134
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref134
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref135
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref135
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref136
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref136
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref136
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref136
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref136
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref137
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref137
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref137
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref137
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref138
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref138
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref138
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref138
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref138
http://refhub.elsevier.com/S0269-7491(19)37842-X/sref138

	Mercury contamination status of rice cropping system in Pakistan and associated health risks
	1. Introduction
	2. Materials and methods
	2.1. Study area description
	2.2. Sample collection and preparation
	2.3. Analytical methods
	2.4. Calculation of PDI for MeHg and IHg
	2.5. QA/QC, statistical analysis and geographical mapping

	3. Results and discussion
	3.1. THg in rice grains
	3.2. MeHg in rice grains
	3.2.1. Probable factors influencing rice MeHg contents

	3.3. Chronic MeHg exposure through rice intake in Pakistan

	4. Conclusions and recommendations
	CRediT authorship contribution statement
	Acknowledgments
	Appendix A. Supplementary data
	References


