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A B S T R A C T   

Anthropogenic mercury (Hg) emissions have increased significantly since the Industrial Revolution, resulting in 
severe health impacts to humans. The consumptions of fish and rice were primary human methylmercury (MeHg) 
exposure pathways in Asia. However, the lifecycle from anthropogenic Hg emissions to human MeHg exposure is 
not fully understood. In this study, a recently developed approach, termed MeHg Compound-Specific Isotope 
Analysis (CSIA), was employed to track lifecycle of Hg in four typical Hg-emission areas. Distinct Δ199Hg of 
MeHg and inorganic Hg (IHg) were observed among rice, fish and hair. The Δ199Hg of MeHg averaged at 0.07 ±
0.15 ‰, 0.80 ± 0.55 ‰ and 0.43 ± 0.29 ‰ in rice, fish and hair, respectively, while those of IHg averaged at −
0.08 ± 0.24 ‰, 0.85 ± 0.43 ‰ and − 0.28 ± 0.68 ‰. In paddy ecosystem, Δ199Hg of MeHg in rice showed 
slightly positive shifts (~0.2 ‰) from those of IHg, and comparable Δ199Hg of IHg between rice grain and raw/ 
processed materials (coal, Hg ore, gold ore and sphalerite) were observed. Simultaneously, it was proved that IHg 
in fish muscle was partially derived from in vivo demethylation of MeHg. By a binary model, we estimated the 
relative contributions of rice consumption to human MeHg exposure to be 84 ± 14 %, 58 ± 26 %, 52 ± 20 % and 
34 ± 15 % on average in Hg mining area, gold mining area, zinc smelting area and coal-fired power plant area, 
respectively, and positive shifts of δ202HgMeHg from fish/rice to human hair occurred during human metabolic 
processes. Therefore, the CSIA approach can be an effective tool for tracking Hg biogeochemical cycle and human 
exposure, from which new scientific knowledge can be generated to support Hg pollution control policies and to 
protect human health.   

1. Introduction 

Mercury (Hg) is a well-known toxic pollutant and global environ-
mental and health concern. The organic form, methylmercury (MeHg), 
is extremely toxic to human’s nervous, immune, and cognitive systems, 
causing nervous disorder, cardiovascular disease, and visual disturbance 
(Beckers et al., 2017; Clarkson et al., 2006; Selin, 2009). Anthropogenic 
activities have led to an elevation of Hg content in atmosphere, ocean, 
and terrestrial systems by a factor of 3 to 5 compared to the preindustrial 
period (Beckers et al., 2017; Driscoll et al., 2013; Selin, 2009), posing 

potential adverse impacts on humans and wildlife. In China, large 
amounts of Hg have been released to the environment via anthropogenic 
activities, and the main industrial sectors contributing to Hg emissions 
include coal combustion, cement production, zinc smelting, gold pro-
duction and Hg mining (Wu et al., 2016). Anthropogenic Hg emissions 
to the atmosphere were estimated to be 444 tons in 2017 in China, which 
accounted for 17.6 % of total global anthropogenic emissions (Liu et al., 
2019; UNEP, 2019). The released Hg can be transported into agricultural 
and aquatic ecosystems (Beckers et al., 2017; Zhang et al., 2021), where 
inorganic Hg (IHg) can be easily transformed into MeHg by 
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microorganisms and subsequently bioaccumulated in the food webs. 
Previous studies reported that the MeHg concentrations in certain types 
of fish exceeded the national limit (carnivorous: 1000 ng/g; non- 
carnivorous: 500 ng/g) (Cheng et al., 2009; GB2762, 2017; Liu et al., 
2014; Qiu et al., 2009; Shao et al., 2013). Rice can also bioaccumulate 
MeHg with the bioaccumulation factor being 800 times higher than that 
for IHg (Feng et al., 2008; Zhang et al., 2010b). Fish and rice con-
sumption are considered as two primary pathways for human MeHg 
exposure in China (Cheng et al., 2009; Li et al., 2012; Liu et al., 2018; 
Zhang et al., 2010a). Comprehensive models have been developed for 
linking anthropogenic Hg emissions to human exposure at national and 
global scales (Chen et al., 2019; Zhang et al., 2021). However, limited 
tools are available to trace the migration and transformation behavior of 
Hg during the biogeochemical cycle, especially in typical Hg-emission 
areas. 

Mercury isotopes are useful tracers for tracing Hg sources, trans-
location, and transformation processes of Hg in paddy fields and aquatic 
ecosystems (Kwon et al., 2020; Li et al., 2016; Li et al., 2017; Qin et al., 
2020; Tsui et al., 2020; Yin et al., 2013a). Mass-dependent fractionation 
(MDF) arises in various physical, chemical, and biological processes, 
while mass-independent fractionation (MIF) is primarily induced by 
photoreduction of Hg(II) and photodegradation of MeHg (Blum et al., 
2014; Kwon et al., 2020; Tsui et al., 2020). No significant MIF has been 
observed after absorption of Hg from the environment into rice plant 
and food webs (Kwon et al., 2014; Qin et al., 2020). Total Hg (THg) 
isotopes have been used to identify human Hg exposure sources and 
metabolic processes (Du et al., 2018; Laffont et al., 2009; Laffont et al., 
2011; Li et al., 2014; Rothenberg et al., 2017; Sherman et al., 2013). For 
example, a significant MDF of ~ 2 ‰ for δ202Hg and no MIF in THg 
between human hair and fish diet have been reported (Laffont et al., 
2009; Laffont et al., 2011). The shift of δ202Hg (~2‰) in THg was 
attributed to the assimilation of residual MeHg after demethylation, 
leading to accumulation of heavier Hg isotopes in hair and lighter Hg 
isotopes in urine (Du et al., 2020; Sherman et al., 2013). As rice and fish 
showed significantly different THg isotopic values, a binary mixing 
model based on Δ199Hg has been used to quantify human exposure 
pathways (Du et al., 2018; Rothenberg et al., 2017). Recently, the online 
and offline determinations of the isotopic composition of different Hg 
species were conducted in natural samples, which found that MeHg and 
IHg in the biological materials were isotopically distinguishable (Epov 
et al., 2008; Li et al., 2017; Masbou et al., 2013; Perrot et al., 2016; Qin 
et al., 2020). MeHg and IHg isotopic composition in paddy ecosystem 
indicated that rice MeHg was derived from soil MeHg, and the Hg iso-
topes in aquatic ecosystem also can be used as a proxy for migration and 
transformation of MeHg (Li et al., 2017; Perrot et al., 2016; Qin et al., 
2018; Qin et al., 2020). However, few studies used compound specific 
isotope analysis (CSIA) to assess human Hg exposure and Hg biogeo-
chemical cycle in typical Hg-emission areas. Using CSIA may identify 
human exposure pathways of MeHg and better understand the envi-
ronmental fate of Hg. 

This study aims to quantify pathways of human MeHg exposure and 
identify migration processes of MeHg and IHg in typical Hg-emission 
areas. (Masbou et al., 2013; Yang et al., 2021) Isotopic compositions 
of MeHg and IHg in rice and fish samples were measured using a MeHg- 
CSIA approach, and then used to identify the migration processes of 
MeHg and IHg in the paddy field and aquatic ecosystems. The isotopic 
data of MeHg in hair samples were used to trace sources of human MeHg 
exposure. 

2. Materials and methods 

2.1. Study areas and sample preparation 

Four typical Hg-emission areas in China were selected for investi-
gation in this study, with the first three in Guizhou province and the 
fourth one in Hunan province (Fig. 1). The first area is adjacent to the 

largest coal-fired power plant (CFPPA) in the province, the second one is 
located in a large-scale gold mining area (GMA), the third one is located 
in a mercury mining area (MMA), and the fourth one is located in a zinc 
smelting area (ZSA) which is among the largest ones in China. The rice, 
fish muscle and human hair samples were collected and pretreated in the 
four areas in our previous study (Wang et al., 2021). Sample collection 
and preparation methods are described in detail in SI Section S1. In this 
study, the THg and MeHg concentrations are expressed as wet weight for 
fish muscle and dry weight for hair and rice samples. A total of 20 fish 
muscle, 21 rice and 21 hair samples were selected for Hg isotopic 
analysis in this study and THg and speciation analysis were presented in 
a previous study (Wang et al., 2021). The strategies for selecting samples 
are as follows: 1) main species of commonly consumed fishes being 
covered, which are listed in SI Table S1; 2) rice samples cultivated in 
local paddy fields; 3) no occupational exposure, dental amalgams and 
dyed hair for participants; and 4) paired hair and rice samples. 

2.2. Total mercury and methylmercury analysis 

To determine the concentrations of THg in fish, rice and human hair, 
the samples were acid digested and analyzed using cold vapor atomic 
fluorescence spectroscopy (CVAFS) (Du et al., 2018). For MeHg analysis, 
fish muscle, rice and hair samples were digested by 25 % w/w KOH, 
KOH/ methanol and 25 % v/v HNO3, respectively (Du et al., 2018; 
Hintelmann et al., 2005; USEPA, 2002). Subsequently, the digested so-
lutions were ethylated, purged, trapped and analyzed using GC-CVAFS 

Fig. 1. Locations of the four study areas.  
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(using a MERX instrument, Brooks Rand instruments) consistently 
(Liang et al., 1996). Additionally, a selective extraction method (SEM) 
adopted from Yang et al. (2021) was used for MeHg isotope preparation. 
THg and MeHg concentrations of the extracted solutions were measured 
as described above. TORT-2 (Lobster hepatopancreas, National Research 
Council Canada) and ERM-CE464 (Tuna fish, European Reference Ma-
terials) were prepared with the same procedures to certify the effec-
tiveness and precision of the SEM. Recovery and purity of MeHg were 
used to determine the extraction efficiency, ensuring that MeHg in 
samples was totally transferred into extracts and no IHg was incorpo-
rated (Table S2). The recoveries of MeHg in certified reference materials 
(CRMs), rice, fish muscle and hair samples showed an average of 93 ± 8 
%, while the purities of MeHg in digested solutions averaged at 94 ± 7 
%. 

Method blanks, matrix spikes, CRMs and blind duplicates were 
measured to ensure quality control. Limit of determination (LOD) of THg 
was 0.03 ng/g for rice samples and 0.07 ng/g for human hair and fish 
samples. LOD of MeHg was 0.004 ng/g for all samples. The percentage of 
recoveries on spiked samples averaged 93 ± 8 % for MeHg in rice. In 
duplicate samples, the relative percentage differences were lower than 
10 % for THg and MeHg. The average recoveries of THg and MeHg in 
CRMs were higher than 90 % (Table S2). 

2.3. Hg isotope analysis 

The digested and extracted solutions were analyzed for Hg isotopic 
composition using a Neptune Plus multi-collector inductively coupled 
plasma mass spectrometry at the State Key Laboratory of Environmental 
Geochemistry, Institute of Geochemistry, Chinese Academy of Science, 
following a method reported previously (Qin et al., 2020). δ202Hg, 
Δ199Hg, Δ200Hg and Δ201Hg were calculated following the protocol 
recommended by Bergquist et al. (2007) as follow: 

δxxxHg (%) =
[(

xxxHg/198Hgsample

)/(
xxxHg/198HgNIST3133

) ]
− 1] × 1000 (1)  

Δ199Hg = δ199Hg − δ202Hg × 0.252 (2)  

Δ200Hg = δ200Hg − δ202Hg × 0.502 (3)  

Δ201Hg = δ201Hg − δ202Hg × 0.752 (4)  

where xxx is 199, 200, 201 or 202. NIST 3133 is adopted as a Hg isotope 
reference standard (Blum et al., 2007). 

UM-Almadén standard solution was measured in every-eight samples 
to ensure the quality of the measurement. Lichen (BCR-482), fish (ERM- 
CE464) and hair (NIES-13) CRMs were measured to ensure no isotopic 
fractionation during the digested procedure. THg isotopic composition 
of UM-Almadén (δ202Hg = − 0.56 ± 0.08 ‰, Δ199Hg = − 0.01 ± 0.03 
‰, Δ200Hg = − 0.01 ± 0.10 ‰, Δ201Hg = − 0.01 ± 0.06 ‰, ±2σ, n =
16), BCR-482 (δ202Hg = − 1.51 ± 0.12 ‰, Δ199Hg = − 0.62 ± 0.08 ‰, 
Δ200Hg = 0.07 ± 0.08 ‰, Δ201Hg = − 0.65 ± 0.10 ‰, ±2σ, n = 4), 
ERM-CE464 (δ202Hg = 0.83 ± 0.12 ‰, Δ199Hg = 2.16 ± 0.08 ‰, 
Δ200Hg = 0.09 ± 0.08 ‰, Δ201Hg = 1.93 ± 0.10 ‰, ±2σ, n = 4) and 
NIES-13 (δ202Hg = 1.84 ± 0.12 ‰, Δ199Hg = 1.75 ± 0.08 ‰, Δ200Hg =
0.06 ± 0.06 ‰, Δ201Hg = 1.44 ± 0.08 ‰, ±2σ, n = 4) agreed well with 
previously reported results (Blum et al., 2014; Estrade et al., 2010; 
Masbou et al., 2013; Yamakawa et al., 2016). 

The recoveries of MeHg in CRMs, rice, fish and hair samples showed 
an average of 93 ± 8 %, while the purities of MeHg in digested solutions 
averaged at 94 ± 7 %. MeHg isotopic compositions of TORT-2 (δ202Hg 
= 0.45 ± 0.12 ‰, Δ199Hg = 1.00 ± 0.08 ‰, Δ200Hg = 0.16 ± 0.12 ‰, 
Δ201Hg = 0.80 ± 0.08 ‰, ±2σ, n = 3) and ERM-CE464 (δ202Hg = 0.72 
± 0.12 ‰, Δ199Hg = 2.26 ± 0.08 ‰, Δ200Hg = 0.11 ± 0.09 ‰, Δ201Hg 
= 1.74 ± 0.08 ‰, ±2σ, n = 4) agreed well with previously reported 
results (Masbou et al., 2013). 

Based on the isotopic values of THg and MeHg, the IHg isotopic 

values in rice, fish and hair samples were estimated by a binary mixing 
model as follows: 

δ202HgIHgi = (δ202HgTHgi − fMeHgi × δ202HgMeHgi)/fIHgi (5)  

Δ199HgIHgi = (Δ199HgTHgi − fMeHgi × Δ199HgMeHgi)/fIHgi (6)  

Δ200HgIHgi = (Δ200HgTHgi − fMeHgi × Δ200HgMeHgi)/fIHgi (7)  

Δ201HgIHgi = (Δ201HgTHgi − fMeHgi × Δ201HgMeHgi)/fIHgi (8)  

fMeHgi + fIHgi = 1 (9)  

where fIHgi and fMeHgi are the IHg and MeHg fraction in sample i, 
respectively. A Monte Carlo simulation approach (n = 100,000 times), 
based on pseudorandom number generation function in RStudio 
Desktop (Open access for Windows), was utilized to calculate IHg iso-
topes. The standard deviation of fMeHgi was lower than 5 % as computed 
by multiple measurements of the same samples. Two folds standard 
deviation of δ202Hg, Δ199Hg, Δ200Hg and Δ201Hg of UM-Almadén, 
which were 0.08, 0.06, 0.09 and 0.12 ‰, respectively, were adopted for 
assessing the uncertainties of THg and MeHg isotopic values. Even-MIF 
values were discussed in SI Section S2. 

2.4. Human MeHg exposure from fish and rice consumption 

In China, rice and fish are the main sources to human MeHg exposure 
(Li et al., 2012; Liu et al., 2018; Zhang et al., 2010a). Because there is no 
significant MIF occurring during metabolic and trophic transfer pro-
cesses (Du et al., 2018; Laffont et al., 2009; Liu et al., 2018; Zhang et al., 
2010a), MIF values in hair MeHg represent a mixture of those from fish 
and rice. A binary mixing isotope model, described in the following 
equations, can then be used to quantify the relative contribution of 
human MeHg exposure from fish and rice consumption: 

Δ199HghairMeHgj = ffishMeHgj*Δ199HgfishMeHgj + friceMeHgj*Δ199HgriceMeHgj (10)  

ffishMeHgj + friceMeHgj = 1 (11)  

where Δ199HghairMeHgj, Δ199HgfishMeHgj and Δ199HgriceMeHgj are Δ199Hg 
values of hair, fish and rice MeHg in area j, respectively; and ffishMeHgj 
and friceMeHgj are relative MeHg contribution of fish and rice for human 
MeHg exposure, respectively. Area j represents MMA, GMA, CFPPA and 
ZSA, respectively. A Monte Carlo simulation approach (n = 100,000 
times) was also used for calculating the contribution in RStudio Desktop 
(Open access for Windows). 

2.5. Shifts of MDF of MeHg from diet to hair 

To avoid the interference of δ202HgIHg, MDF of MeHg from dietary 
sources to hair samples could be used directly for identifying human 
MeHg exposure pathway in this study. As rice and fish consumption 
were the main pathways of human MeHg exposure, MDF of MeHg 
during human metabolic process was calculated using the following 
formula: 

Shif tj = δ202HghairMeHgj − friceMeHgj*δ202HgriceMeHgj − ffishMeHgj*δ202HgfishMeHgj 

Where Shiftj is MDF value of MeHg from rice/fish to hair; and 
δ202HghairMeHgj, δ202HgriceMeHgj and δ202HgfishMeHgj represent hair, rice 
and fish δ202HgMeHg in study area j, respectively. ffishMeHgj and friceMeHgj 
were calculated as mentioned above. 

3. Results and discussion 

3.1. Rice Hg and source appointment 

The mean concentration of THg in rice in GMA (7.29 ± 1.85 ng/g), 
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CFPPA (7.93 ± 3.23 ng/g) and ZSA (8.47 ± 3.26 ng/g) showed com-
parable levels (Table 1). In comparison, rice THg concentrations in MMA 
(28.7 ± 24.1 ng/g) were significantly higher (p < 0.05). Similarly, rice 
MeHg concentrations in MMA (7.49 ± 2.55 ng/g) were also significantly 
higher than those in GMA (2.74 ± 2.83 ng/g), CFPPA (3.31 ± 1.66 ng/ 
g), ZSA (4.84 ± 2.54 ng/g) and national background (1.37 ± 1.18 ng/g) 
(Xu et al., 2019; Zhao et al., 2019). The rice samples from the four areas 
were characterized by negative δ202HgTHg (δ202Hg in THg) and near- 
zero Δ199HgTHg (Δ199Hg in THg) (Fig. 2, Table S4). The δ202HgTHg in 
rice samples showed similar values among the four areas, with averages 
of − 2.07 ± 0.55 ‰ in MMA, − 2.13 ± 0.74 ‰ in GMA, − 2.01 ± 1.07 ‰ 
in CFPPA and − 1.81 ± 0.79 ‰ in ZSA. The average Δ199HgTHg values in 
rice samples were 0.03 ± 0.06 ‰, 0.07 ± 0.03 ‰, 0.06 ± 0.04 ‰ and −
0.01 ± 0.07 ‰ in MMA, GMA, ZSA and CFPPA, respectively. 

Rice samples from the study areas showed negative δ202HgMeHg 
(δ202Hg in MeHg) values, with average values of − 0.78 ± 0.38 ‰ in 
MMA, − 1.04 ± 0.26 ‰ in GMA, − 1.19 ± 0.27 ‰ in CFPPA and − 0.91 
± 0.48 ‰ in ZSA (Fig. 2, Table S4). The average Δ199HgMeHg (Δ199Hg in 
MeHg) value in rice samples in ZSA (0.22 ± 0.07 ‰) was significantly 
higher (p < 0.05) than those in MMA (0.09 ± 0.07 ‰) and GMA (0.11 
± 0.08 ‰), while that in CFPPA showed a slightly negative value (− 0.10 
± 0.12 ‰), indicating that MeHg in rice samples may be originated from 
different sources. A significant relationship (r2 = 0.89, p < 0.05) was 
found between rice Δ199HgMeHg and soil Δ199HgTHg, suggesting that 
MeHg in rice grain was potentially derived from soil. Significant positive 
MIF was found from soil IHg to rice MeHg (e.g. soil MeHg) in the four 
study areas, with an average of 0.12 ± 0.05 ‰ in MMA, 0.24 ± 0.05 ‰ 
in GMA, 0.18 ± 0.09 ‰ in CFPPA and 0.25 ± 0.08 ‰ in ZSA. The total 
shifts of Δ199Hg from IHg to MeHg averaged at ~ 0.2 ‰ in paddy soil. No 
MIF would occur during biotic methylation and demethylation pro-
cesses, and only aqueous photodegradation for MeHg could cause sig-
nificant MIF (Bergquist et al., 2007; Blum et al., 2014), suggesting the 
existence of aqueous MeHg photodegradation in the paddy field. Rice 
plants obstructed the primary sunlight in the paddy field, resulting in 
weak photochemical reaction and small MIF in the paddy ecosystem. 
These results suggest that MeHg isotopes could identify the sources of 
rice MeHg in different typical Hg-emission areas. 

Average Δ199HgIHg (Δ199Hg in IHg) values of rice samples in MMA 
(− 0.01 ± 0.12 ‰), GMA (0.03 ± 0.07 ‰) and CFPPA (0.06 ± 0.11 ‰) 

were close to zero, which were comparable to those of Hg ores (0.01 ±
0.02 ‰), gold ores (− 0.03 ± 0.07 ‰) and coal (0.11 ± 0.09 ‰) (Sun 
et al., 2014; Yin et al., 2019; Yin et al., 2013b), respectively (Fig. 3). The 
rice Δ199HgIHg values in ZSA (− 0.14 ± 0.06 ‰) were slightly negative, 
which were similar to those in sphalerites (− 0.16 ± 0.09 ‰) (Liu et al., 
2021). Hence, Δ199HgIHg values of rice samples can be used to trace the 
sources of IHg in the rice. Our previous study found that Δ199HgIHg of 
rice grain showed same signal with that of air (Qin et al., 2020). We 
concluded that Δ199HgIHg values of air in the study areas showed the 
same signals as those of used ore, coal and other raw materials. There-
fore, total gaseous Hg concentrations and Hg isotopes of air were 
significantly impacted by these emission sources. The δ202HgIHg (δ202Hg 
in IHg) in rice samples showed notable negative values, with average 
values of − 3.23 ± 1.04 ‰ in MMA, − 3.01 ± 1.59 ‰ in GMA, − 2.83 ±
2.33 ‰ in CFPPA and − 2.70 ± 2.05 ‰ in ZSA. The δ202HgIHg in rice 
samples showed lower values than those in raw ore materials and coal in 
the four study areas, with average shifts of − 2.49 ± 0.61 ‰ in MMA, 
− 2.30 ± 1.07 ‰ in GMA, − 1.10 ± 1.41 ‰ in CFPPA and − 3.76 ± 1.46 
‰ in ZSA (Fig. 3). The shifts could be explained by the following factors. 
During ore roasting and coal combustion processes, lighter Hg isotopes 
were easily emitted into atmosphere, with the shifts of δ202Hg of − 1.1 
‰ to − 0.1 ‰ (Sun et al., 2014; Yin et al., 2013b). Additionally, lighter 
Hg isotopes were preferentially absorbed by foliage with a δ202Hg shift 
of − 3.0 ‰ to − 1.0 ‰ from atmospheric input of Hg to foliage (Blum 
et al., 2014; Demers et al., 2013; Yuan et al., 2019), resulting in lower 
δ202HgIHg values in rice samples than those of the emission sources. 
Therefore, Δ199HgIHg and δ202HgIHg in rice both provided valuable in-
formation on the pollution sources of Hg. 

3.2. Fish Hg and source appointment 

The mean concentrations of THg in fish were comparable between 
GMA (7.04 ± 6.69 ng/g) and CFPPA (6.80 ± 3.29 ng/g), and between 
MMA (12.4 ± 8.26 ng/g) and ZSA (13.9 ± 11.5 ng/g); however, the 
values were significantly higher (p < 0.05) in the latter than the former 
two areas. A similar trend was also observed for the mean concentrations 
of MeHg in fish, with average MeHg ratio to THg of 44.9 ± 11.1 % 
(range: 21 % to 69 %) in the four areas, which were comparable with the 
results found in the Three Gorges Dam and a Hg-contaminated reservoir 
(Liu et al., 2012; Xu et al., 2018). Such low MeHg ratio found in fish 
muscle was potentially attributed to short aquatic food chain and short 
growth time in aquaculture fish (Wang et al., 2019). The δ202HgTHg and 
Δ199HgTHg values in individual fish samples ranged from − 2.02 ‰ to 
0.75 ‰ and from 0.05 ‰ to 2.02 ‰, respectively (Fig. 2, Table S4), 
which were comparable to those of fish collected from Guiyang, Wuhan, 
Zhoushan and Xiamen in China (δ202HgTHg: − 2.13 ‰~1.21 ‰; 
Δ199HgTHg: 0.07 ‰~2.08 ‰) (Du et al., 2018; Meng et al., 2020; Yang 
et al., 2021). 

The δ202HgMeHg values in fish samples averaged at − 0.21 ± 0.41 ‰ 
in MMA, − 0.08 ± 0.31 ‰ in GMA, − 0.12 ± 0.62 ‰ in ZSA and 0.02 ±
0.25 ‰ in CFPPA (Fig. 2), while the Δ199HgMeHg values in fish averaged 
at 0.50 ± 0.33 ‰ in MMA, 0.70 ± 0.55 ‰ in GMA, 1.04 ± 0.84 ‰in ZSA 
and 0.93 ± 0.22 ‰ in CFPPA. No significant differences in fish 
δ202HgMeHg (or Δ199HgMeHg) were found among the four areas. The 
Δ199Hg/Δ201Hg ratio in fish MeHg was 1.21 ± 0.06 (Fig. S2a), which 
was similar to those in THg of marine and freshwater fish (Bergquist 
et al., 2007; Blum et al., 2014; Du et al., 2018; Kwon et al., 2012). 
Therefore, before entering into fish body, MeHg in water undergo sig-
nificant photodegradation and the residues inherit positive MIF signal 
(Blum et al., 2014; Tsui et al., 2020). Since Δ199HgMeHg values in the 
sediment were close to zero (Janssen et al., 2015; Rosera et al., 2020), 
fish MeHg was likely mainly derived from euphotic zone, where visible 
light can induce MIF of Hg in water or a marine microalga, instead of 
sediment (Kritee et al., 2018; Yang et al., 2022). A previous study found 
that Δ199HgMeHg of plankton samples from Lake Menota showed 
significantly positive values (1.62 ± 0.13 ‰) (Rosera et al., 2020), 

Table 1 
THg and MeHg concentrations in rice, fish, and hair samples in four study areas. 
MMA: Hg mining area; GMA: gold-mining area; CFPPA: coal-fired power plant; 
ZSA: zinc smelter area.  

Study 
area 

Matrix THg (ng/g) MeHg (ng/g) MeHg/THg 
(%) 

n Mean ± SD n Mean ± 
SD 

MMA Rice 5 28.7 ± 24.1 5 7.49 ±
2.55 

39.3 ± 21.5 

Fish 4 12.4 ± 8.26 4 5.32 ±
2.85 

45.2 ± 7.9 

Hair 5 2080 ±
1160 

5 854 ± 368 44.3 ± 8.6 

GMA Rice 5 7.29 ± 1.85 5 3.06 ±
0.98 

43.8 ± 14.6 

Fish 6 7.04 ± 6.69 6 2.74 ±
2.83 

36.4 ± 9.7 

Hair 5 524 ± 481 5 313 ± 341 54.7 ± 11.1 
CFPPA Rice 5 7.93 ± 3.23 5 3.58 ±

0.98 
47.2 ± 8.5 

Fish 5 6.80 ± 3.29 5 3.31 ±
1.66 

49.4 ± 10.7 

Hair 5 220 ± 49.4 5 145 ± 47.5 65.3 ± 11.1 
ZSA Rice 6 8.47 ± 3.26 6 4.84 ±

2.54 
56.0 ± 12.0 

Fish 5 13.9 ± 11.5 5 6.17 ±
4.30 

50.3 ± 11.4 

Hair 6 637 ± 226 6 466 ± 208 71.3 ± 7.1  
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indicating fish MeHg potentially originated from plankton. 
As stated above, IHg was a unneglected part of THg in fish muscle 

with a range ratio of 31 % to 79 %. The variability of δ202HgIHg (− 4.56 
‰ to 1.20 ‰) was larger than that of δ202HgMeHg (− 0.8 ‰ to 0.7 ‰), and 
the Δ199HgIHg in fish samples showed significantly positive values with 
an average of 0.83 ± 0.43 ‰ (Table S5). However, the Δ199HgIHg 
showed totally different values with those in water and sediment, which 
were close to 0 (Feng et al., 2010; Li et al., 2019; Liu et al., 2012). 
TheΔ199HgIHg values in plankton samples averaged at 0.45 ± 0.25 ‰ 
(Masbou et al., 2013). Due to no significant MIF of Hg during trophic 
transfer and metabolic processes (Laffont et al., 2021), the significantly 
positive Δ199HgIHg values in fish muscles potentially originated from 
plankton or demethylation of MeHg in fish body. As shown in Fig. S2, 
the slope of Δ199HgIHg/Δ201HgIHg was 1.08 ± 0.11, which was located 
between 1.21 ± 0.06 (Δ199HgMeHg/Δ201HgMeHg) and 1.00 (Δ199Hg/ 

Δ201Hg) induced by photoreduction of Hg(II)), suggesting that IHg in 
fish muscle partially derived from in vivo demethylation of MeHg. No 
significant difference was observed between Δ199HgIHg (0.83 ± 0.43 ‰) 
and Δ199HgMeHg (0.80 ± 0.55 ‰) in fish samples (Fig. S1), which also 
indicated that demethylation of MeHg was an important source of IHg in 
fish body. 

3.3. Human MeHg exposure pathways 

The mean concentrations of THg and MeHg in hair samples were 
significantly higher (p < 0.05) in MMA than the other three areas 
(Table 1). Hair THg concentrations averaged at 2080 ± 1160 ng/g in 
MMA, which exceeded the international limit for hair THg (1000 ng/g) 
recommended by the United States Environmental Protection Agency 
(USEPA, 1997). Therefore, the local population, especially for those 

Fig. 2. δ202Hg and Δ199Hg values in THg and MeHg of rice, fish and hair samples in four study areas.  

Fig. 3. δ202Hg and Δ199Hg values in rice MeHg and IHg in four study areas.  
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(women and children) are sensitive to Hg, in MMA are at potential risks 
of Hg exposure. The THg concentrations in diet in MMA were highest 
among the four areas, and the dietary intake rates were similar, causing 
higher THg concentrations in hair in MMA (Wang et al., 2021). How-
ever, hair MeHg/THg ratio averaged at 44 ± 9 % in MMA, which was 
slightly lower than that in GMA (55 ± 11 %), but significantly lower (p 
< 0.05) than those in CFPPA (65 ± 11 %) and ZSA (71 ± 7 %). Human 
MeHg exposure pathways were calculated based on MeHg isotope data 
and discussed in detail below. 

Human hair in the four study areas showed positive δ202HgMeHg and 
Δ199HgMeHg values (Fig. 2, Table S4). The Δ199HgMeHg values in hair 
averaged at 0.12 ± 0.04 ‰ in MMA, 0.40 ± 0.36 ‰ in GMA, 0.58 ±
0.23 ‰ in CFPPA and 0.67 ± 0.14 ‰ in ZSA, and these values were 
within the range of fish and rice in the four study areas (Fig. 2). 
Therefore, the binary mixing isotope model described in Section 2.4 was 
used for quantifying the relative contributions of rice and fish con-
sumption to human MeHg exposure. The Δ199HgMeHg values rather than 
Δ199HgTHg in rice, fish and hair samples were directly used as model 
input, which shielded the disturbance of IHg. Model results revealed that 
the rice consumption contributed 84 ± 14 % to human MeHg exposure 
in MMA, 58 ± 26 % in GMA, 34 ± 15 % in CFPPA and 52 ± 20 % in ZSA 
on average. This indicated that rice consumption dominated human 
MeHg exposure in MMA, and the rice and fish consumption contributed 
nearly equally in GMA and ZSA (Fig. 4). The rice MeHg concentrations 
showed highest levels in MMA among the four study areas, and fish 
consumption was minimal for local residents (3.3 g/d) (NBS, 2021), 
resulting in high MeHg exposure from rice consumption in MMA. 

However, these percentage contribution numbers were much lower 
than those estimated using a traditional dietary model, which estimated 
that the contribution of rice consumption to human MeHg exposure was 
94 %±4% in MMA, 97 %±3% in GMA, 94 %±3% in CFPPA and 88 % 
±8% in ZSA on average (Fig. 4) (Wang et al., 2021). The dietary model 
ignored individual differences on daily rice intake, and the data ob-
tained from the questionnaire may cause large uncertainties in the 
estimation. As well, the bio-accessibilities of MeHg in rice and fish were 
not considered in the dietary model, and the simulation experiment 
found that the bio-accessibility of rice and fish MeHg averaged at 41 ± 9 
% and 61 ± 14 %, respectively (Gong et al., 2018), indicating that 
traditional dietary model overestimated human MeHg exposure from 
rice consumption. In contrast, the binary mixing model based on MIF 
data can directly evaluate human MeHg exposure sources without these 
interfering factors. Additionally, the contribution ratios calculated by 
Δ199HgMeHg values were much different from the results (Table S6) 
deduced by Δ199HgTHg, illustrating IHg induced uncertainties when 
using THg isotopes to identify MeHg exposure pathways. 

δ202HgMeHg values in hair samples averaged at 1.19 ± 0.50 ‰ in 
MMA, 0.92 ± 0.43 ‰ in GMA, 1.27 ± 0.41 ‰ in CFPPA and 0.75 ± 0.44 

‰ in ZSA, showing positive shifts from those in rice and fish in the four 
areas. The shifts of δ202HgMeHg from rice/fish to hair were calculated 
using the formula described in Section 2.5. Results from the calculation 
showed shifts of 1.88 ± 0.37 ‰, 1.54 ± 0.45 ‰, 1.61 ± 0.28 ‰ and 1.38 
± 0.37 ‰ in δ202HgMeHg from diet (fish and rice) to hair in MMA, GMA, 
CFPPA and ZSA, respectively (Fig. 5). After being consumed by human, 
MeHg in the diet would be partially demethylated in the intestinal tract, 
resulting in lighter isotopes in feces or urine and enrichment of heavier 
isotopes in human hair (Du et al., 2020; Sherman et al., 2013). The shifts 
of δ202HgMeHg in this study were close to the values of 1.7–2.2 ‰ in 
δ202HgTHg from fish to hair of fish consumers, but were much lower than 
the values of 2.5–2.7 ‰ in δ202HgTHg from rice to hair of rice consumers 
(Bonsignore et al., 2015; Du et al., 2018; Laffont et al., 2009; Laffont 
et al., 2011; Li et al., 2014; Sherman et al., 2013). In Europe and North 
America, MeHg was the dominant form (>90 %) of Hg in fish and human 
hair (Beckers et al., 2017), therefore the shifts were comparable. By 
contrast, the MeHg/THg ratios in the rice samples showed large ranges 
(9 % to 76 %, median: 49.5 %), and those in the paired human hair 
samples ranged from 25 % to 96 % (median: 58 %) (Du et al., 2018). 
Therefore, shifts of δ202HgTHg from diet to human hair were significantly 
impacted by IHg input by non-fish consumption. The MeHg isotopes 
rather than THg isotopes should be used for assessing the sources of 
human MeHg exposure to eliminate the interference from IHg. 

4. Conclusions 

Results from this study provide new insights for tracing Hg pollution 
and human MeHg exposure sources. We innovatively discovered that the 
rice IHg showed comparable Δ199Hg values with those of raw ore ma-
terials and coal, and slightly positive shifts of Δ199Hg (~0.2 ‰) occurred 
from soil IHg to rice MeHg, suggesting that MeHg and IHg isotopes in 
rice grain can be used to trace IHg and MeHg pollution sources. 
Simultaneously, the sources of MeHg and IHg in fish were identified by 
specific Hg isotopes. It was observed that MeHg was originated from 
plankton and IHg was partially from demethylation of MeHg in fish 
body. This study firstly measured the specific Hg isotopes to identify 
human MeHg exposure in typical Hg-emission areas. The binary mixing 
model identified human MeHg exposure pathways can overcome large 
uncertainties of daily intake and bio-accessibility and ignore the inter-
ference of IHg. The MDF of MeHg from fish/rice to hair samples can also 
be used to trace human metabolic processes and human MeHg exposure 
sources. 
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Fig. 4. Relative contribution of rice consumption on human MeHg exposure by 
isotope model (IM) and dietary model (DM) in four study areas. 

Fig. 5. The shifts of δ202HgMeHg from diet (fish and rice) to hair in four 
study areas. 
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This study implicates that the MeHg CSIA method is an efficient 
approach for tracking human MeHg exposure and for making effective 
Hg pollution control strategies to reduce the health risks. To identify 
human Hg transformation processes, it is important for protecting 
human from the hazard of Hg. However, the specific metabolic processes 
in human body are still not fully understood. The MeHg-CSIA method 
can be adopted to track MeHg transform processes in human body in 
further study. 
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