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Human activities since industrialization have significantly raised global atmospheric mercury (Hg) levels.
China’s high Hg emissions with rapid industrial development have a global impact on implementing the Min-
amata Convention on Mercury due to the dispersion of atmospheric Hg. Here, we comprehensively reviewed the
atmospheric particulate bound mercury (PBM) in China, given its highest deposition rate, aiming to elucidate Hg
sources, transformation, and geochemical cycles. Firstly, we analyzed its spatiotemporal distribution and long-
term trends in China by synthesizing published literature. Most of the studies were conducted in eastern
China, where PBM concentrations are higher than in western China due to extensive anthropogenic emissions.
Furthermore, meteorological factors and atmospheric transport significantly affect seasonal PBM variations.
Local anthropogenic sources, atmospheric transport, and local atmospheric transformation contribute 56.2%,
14.9%, and 29.0% to China’s PBM content, respectively. Notably, China’s atmospheric PBM concentrations have
declined significantly since 2015. Secondly, we compiled a comprehensive global Hg isotope dataset and
employed structural equation modeling to quantify Hg geochemical cycling. The isotope ratios of atmospheric Hg
primarily overlap with those of Hg raw materials and vegetation. The significant relationship (P < 0.01) between
atmospheric Hg and Hg raw materials (0.91) and vegetation (1.78) suggests that they contribute significantly to
atmospheric Hg. Besides water and fish, atmospheric Hg also shows a high regression coefficient with human Hg,
raising concerns about direct human inhalation of atmospheric Hg. Thirdly, we combined compiled Hg isotopes
with machine learning to predict PBM sources in China. Industrial activities, biomass burning, and soil/dust are
the primary contributors to PBM in China, accounting for 58.67%, 22.11%, and 17.14%, respectively. Our
findings indicate that the contribution of soil/dust to PBM, ranging from 0.51% to 56.42%, has been underrated
in previous studies. It is feasible to trace atmospheric Hg transport using Hg isotopes, as PBM mainly undergoes
photoreduction reactions, but quantifying regional Hg transport remains challenging.

1. Introduction that pose a threat to human and other biological safety (Blanchfield

et al., 2022; Driscoll et al., 2013; Obrist et al., 2018; Sonke et al., 2023).

Mercury (Hg), a highly toxic heavy metal that can be transported
globally, is mainly released into the atmosphere through human activ-
ities (e.g., metal smelting, coal burning) and natural emissions (Hg re-
emissions from oceans and forests, etc.) (AMAP/UNEP, 2019). Atmo-
spheric Hg transported globally with the circulation can enter terrestrial
and aquatic ecosystems through dry and wet deposition, leading to the
formation of highly toxic methylmercury under certain circumstances

Human activities have caused a multifold increase in atmospheric Hg
levels since industrialization (Streets et al., 2011). According to AMAP/
UNEP (2019), human activities emitted approximately 2500 tons of Hg
into the atmosphere in 2015, with industrial production accounting for
approximately 27% and fossil fuel and biomass combustion accounting
for approximately 24%. Multiple countries and organizations signed the
Minamata Convention on Hg in 2013, aiming to reduce Hg emissions
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from human activities through various measures, which officially
entered into force in 2017. Gaseous elemental Hg (GEM), gaseous
oxidized mercury (GOM), and particulate bound mercury (PBM), which
are the three forms of atmosphere Hg, can undergo mutual conversion
(Ariya et al., 2015). GEM is relatively stable, not easy to settle, and can
stay in the atmosphere for around half a year (Horowitz et al., 2017).
PBM and GOM have fast atmospheric deposition rates, typically
remaining in the atmosphere for several days to weeks (Horowitz et al.,
2017). They are the primary forms of atmospheric Hg deposition,
especially PBM (GEM and GOM adsorbed in atmospheric aerosols can
form PBM), which has the fastest deposition rate (Poissant et al., 2005).
Identifying Hg sources and tracking atmospheric Hg transport is critical
to determining Hg geochemical cycling and managing atmospheric Hg
emissions.

There are seven stable isotopes of Hg, with natural abundances of
19Hg (0.155%), °®Hg (10.04%), *°Hg (16.94%), 2°°Hg (23.14%),
201Hg (13.17%), 29%Hg (29.73%), and 204Hg (6.82%), respectively
(Blum and Bergquist, 2007). The natural abundance of 196Hg is rela-
tively low, so it is rarely used in practice, and 1°®Hg is used as the de-
nominator for calculating the relative abundance of other isotopes (Text
S1). Hg stable isotopes are divided into three fractionation methods:
mass-dependent fractionation (MDF), §2°Hg; mass-independent frac-
tionation of odd Hg (odd-MIF), A'°°Hg and A?"'Hg; and mass-
independent fractionation of even Hg (even-MIF), A2°°Hg and A2%‘Hg
(Blum et al., 2014). The degree of MDF is directly commensurate to the
mass difference between isotopes. Many physicochemical and biological
processes can lead to MDF of Hg stable isotopes, such as diffusion,
volatilization, oxidation, reduction, methylation, etc. (Bergquist and
Blum, 2007; Estrade et al., 2009; Perrot et al., 2013; Smith et al., 2015;
Zheng and Hintelmann, 2009). According to the current research, the
odd-MIF is caused by the nuclear volume effect (NVE) and magnetic
isotope effect (MIE), triggered mainly by the photochemical process. For
instance, photochemical reduction of Hg (II) (Bergquist and Blum, 2007;
Rose et al., 2015; Zheng and Hintelmann, 2009), photodemethylation
(Kritee et al., 2018), and photooxidation (Liu et al., 2022a; Sun et al.,
2016a) can all generate significant odd-MIF. However, the formation
mechanism of even-MIF is still unclear. Since even-MIF mainly exists in
atmospheric Hg samples and other samples affected by atmospheric
deposition, its formation is likely associated with atmospheric Hg’s
redox process in the troposphere (Blum and Johnson, 2017; Cai and
Chen, 2016; Fu et al., 2021a). For example, Chen et al. (2012) observed
significant even-MIF of Hg isotopes (up to 1.24%o for A2°Hg) in atmo-
spheric snow and rain samples from North America. Different substances
and reaction processes drive Hg to exhibit different Hg isotopic com-
positions. The three fractionations above make Hg isotopes a unique
“three-dimensional” isotope system, assembling stable Hg isotopes as an
ideal method for tracing Hg sources, transformation, and geochemical
cycles.

Due to rapid industrial development, China has been regarded as a
country with high Hg emissions worldwide, representing approximately
26.0% in 2015 (AMAP/UNEP, 2019; Steenhuisen and Wilson, 2019).
However, significant reductions in atmospheric Hg concentrations have
also been observed in China in recent years (Fu et al., 2015; Tang et al.,
2018). The global dispersion of atmospheric Hg makes China’s emis-
sions have a significant impact on the world. Therefore, understanding
the atmospheric Hg situation in China is of great significance for global
Hg environmental safety and the implementation of the Minamata
Convention on Mercury. This article selects China’s PBM as the research
object, given the rapid deposition and circulation of PBM and relatively
severe aerosol pollution in China (Huang et al., 2014; Liu et al., 2022b).
First, we analyzed the spatiotemporal distribution and long-term trends
of PBM in China based on the collected data from published literature.
Secondly, we compiled a Hg isotope dataset encompassing various
sources from published papers and employed structural equation
modeling (SEM) to determine the geochemical circulation of Hg. Finally,
we highlighted combining machine learning (random forest model) and
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the compiled Hg isotope dataset to predict atmospheric Hg sources
(here, PBM) and discussed Hg transport in China. Our research is geared
towards comprehensive insights into the atmospheric Hg distribution,
sources, transport, and circulation.

2. Materials and methods
2.1. Mercury isotope and China PBM content data collection

Both Hg isotope data and China’s PBM content data were derived
from peer-reviewed papers on the Web of Science. The collected global
Hg isotope data sources are shown in Fig. 4, divided into 22 categories,
with over 4000 Hg isotope samples, of which the number of §2°?Hg,
A'Hg, A?°Hg, and A?°'Hg data are 4316, 4281, 3443, and 4210,
respectively. Using the subject heading (atmospheric Hg) and manual
screening, we collected 56 studies on PBM concentrations in China,
published from 2001 to 2022, including 110 sites in China. Detailed
PBM information is shown in Table S1. The sampling method of atmo-
spheric PBM samples meets either active sampling (Tekran 2537 system)
or passive sampling (air sampler plus filter membrane).

2.2. Principal component analysis-multiple linear regression

We extracted the average monthly PBM concentration data from
each site from published papers (Table S1) and combined it with the
other gridded atmospheric data of China (Tang et al., 2021) to conduct a
traceability analysis using principal component analysis-multiple linear
regression (PCA-MLR, Text S2). The gridded atmospheric data includes
meteorological data (x-wind component, Y-wind component, surface
temperature, surface relative humidity, surface pressure) and common
atmospheric pollutant data (CO, Oz, SOz, NO3, PM;y, PMy5), with a
horizontal resolution of 15 km and covering the period from 2013 to
2019. We selected this dataset as the Chinese government began large-
scale monitoring and disclosure of atmospheric air quality data after
2013, and most atmospheric Hg monitoring was carried out before
2020.

2.3. Structural equation modeling

SEM is widely used as a multivariate data analysis method to explore
causal relationships between variables and measure models (Mardani
etal., 2020; Xiong et al., 2015). SEM divides variables into observational
and latent variables. Observational variables are attributes of latent
variables, while latent variables cannot be directly measured but can be
obtained through statistical analysis of measured values of multiple
observational variables. Therefore, by establishing a mathematical
model, it is possible to infer the causal relationship between various
potential and observed variables. In this study, we used SEM to reveal
the Hg geochemical cycles based on the Hg isotope compositions of
natural materials. We took the Hg isotope values (§2°2Hg, A'9°Hg) of
each source as the observed variable and the corresponding Hg source as
the latent variable, that is, using the measurable Hg isotope value to
characterize each source. Then, the linear regression method was
employed to explore the causal association between various Hg sources
and reveal Hg geochemical cycles. We employed the “lavaan” package of
R to implement SEM and took the covariance matrix to evaluate the
model result (Rosseel, 2012).

2.4. Machine learning - random forest model

Given the increased complexity in tracing Hg emission sources due to
their mixing, we adopted the random forest model (RFM) to predict the
sources of PBM. RFM is an ensemble machine learning method that
completes classification or regression tasks by building multiple decision
trees. Its advantage is that RFM can reduce the risk of overfitting and
handle a large number of features and data. We modeled Hg isotope
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compositions of different emission sources using the random forest
classifier (RFC) approach and used the trained model to predict atmo-
spheric PBM sources. We took Hg isotope values (52°?Hg, A1%°Hg, and
A%%Hg) of emission sources as feature values and source types (coal,
lichens, etc.) as target values. The RFC object of the ensemble module of
Python’s sklearn package was employed in our study (Pedregosa et al.,
2011). During model training, the bagging method was adopted for
sample sampling, the information entropy method was taken to divide
the nodes of the random forest decision tree, and finally, the out-of-bag
estimation was employed to validate the trained model. Using the
trained model, we predicted atmospheric PBM sources by employing Hg
isotope values (52°2Hg, A'*°Hg, and A?°°Hg) of PBM as inputs to
determine the possibility of PBM belonging to various Hg emission
sources.

3. Results and discussion
3.1. PBM concentrations across China

3.1.1. Spatial patterns

Given that most studies focus on Hg combined with PMj 5 or TSP,
Table S1 presents a statistical summary of observed PBM (PBM; 5 and
PBMrsp) in China. The median concentrations of PBMj 5 and PBMrgp in
China are 74.5 and 273.6 pg m ™3, ranging from 14.3 to 1330.0 and 23.5
to 1180.0 pg m°, respectively (Fig. S1A, 1B). A few studies have
simultaneously observed both PBMy 5 and PBMrgp concentrations at the
same sites, and the observed results show that the mean PBMj 5/PBMrsp
ratio is 56.4% + 14.2%, ranging from 35.7% to 72.5% (Fig. S1C) (Qin
et al., 2016; Schleicher et al., 2015; Yu et al., 2019). The first report of
PBM observation in China published on the Web of Science was in 2001,
and the observational experiment was conducted in 1999. Therefore,
Fig. S1D and Fig. 1 divide the published PBM articles into two parts with
2010 as the boundary: before 2010 and after 2010. Both the PBMj 5 and
PBMrysp concentrations decreased in China after 2010 compared with
before 2010 (Fig. S1D). As shown in Fig. 1, more PBM3 5 and PBMrsp
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observation sites were conducted in China after 2010 than before 2010,
especially for PBMy 5, the number of observational sites increased
dramatically. Moreover, most sites have been carried out in economi-
cally developed cities, such as the Beijing-Tianjin-Hebei region (BTH),
the Yangtze River Delta, and the Pearl River Delta. Correspondingly,
these developed cities in eastern China present higher PBMy5 and
PBMrsp concentrations (Fig. 1) and atmospheric Hg emissions (AMAP/
UNEP, 2013; AMAP/UNEP, 2019) compared to western China.

Atmospheric PBM monitoring sites can be divided into five types,
including remote/rural, suburban, urban, coastal, and island areas
(Fig. S2). The mean PBM concentrations in these different regions are
91.6, 219.0, 241.6, 155.0, and 66.0 pg m~3, with ranges of 14.3-516.7,
30.0-680.0, 19.4-1330.0, 16.3-210.0, and 16.6-230.0 pg m’3, respec-
tively. The variation of the median of PBM concentrations is similar to
the mean PBM concentrations, with urban areas having the highest
median concentration (182.8 pg m~>), followed by suburban (131.2 pg
m~3), coastal (125.2 Pg m~3), remote/rural (49.0 Pg m~3), and island
areas (27.0 pg m’3). There are four rural/remote sites with PBM con-
centrations above 100 pg m~2, all located in the Taklimakan desert,
mainly because flying sand particles in deserts can act as carriers of
atmospheric Hg to carry Hg for migration and deposition (Huang et al.,
2020a).

3.1.2. Diel variations

The diurnal variations of PBM concentrations vary between daytime
and nighttime. Some studies have found that there is no significant
difference in the PBM concentrations between daytime and nighttime,
such as in urban Beijing (Wang et al., 2021b; Zhang et al., 2019), urban
Guiyang (Liu et al., 2011), remote Tibetan Plateau (Zhang et al., 2015),
and Mt. Changbai (Lin et al., 2019). However, significant variations of
PBM concentration are also observed between day and night in other
studies, with higher PBM concentrations at night than during the day
(Duan et al., 2017b; Huang et al., 2019). In contrast, Fu et al. (2012)
reported that the PBM concentration at Mt. Waliguan in northwestern
China was higher during the day than at night, possibly due to the effect
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of long-range transport and regional emissions. Schleicher et al. (2015)
also found that PBM concentrations in urban Beijing were generally
higher at nighttime than in daytime in summer, while PBM levels were
usually higher during the day in other seasons. The variations in PBM
concentrations between daytime and nighttime are likely attributed to
regional emissions and meteorological conditions rather than differ-
ences in sampling sites. For instance, during nighttime, lower wind
speeds and a reduced atmospheric boundary layer, coupled with higher
relative humidity compared to daytime, facilitate the conversion of
GOM or GEM into PBM (Lee et al., 1998; Liu et al., 2007; Nair et al.,
2012; Qin et al., 2019). Additionally, these conditions limit the vertical
exchange of atmospheric airflow, contributing to PBM accumulation.

Although the difference between total daytime and nighttime PBM
contents is variable, most studies have found distinct hourly sequence
changes in PBM concentrations. The diurnal variations of atmospheric
PBM concentrations in remote areas differ from other regions, such as
rural, suburban, urban, and coastal regions (Table S2). In remote areas,
PBM concentrations peak from midday to afternoon and reach their
lowest levels at night, while in other areas, they are highest in the
morning or early morning and lowest in the afternoon or noon
(Table S2). The increase in atmospheric PBM concentration in the early
morning is possible because of the activation of regional surface emis-
sion sources during sunrise and temperature increase (Chen et al.,
2013). The afternoon decline in PBM concentrations could be attributed
to the photochemical redox reaction among GEM, GOM, and PBM
induced by the redistribution of particles towards the gas phase (Ye
et al, 2016). Moreover, anthropogenic emissions may contribute
significantly to evaluated PBM concentrations during daytime activities
such as agricultural and industrial production, transportation emissions,
etc. (Nguyen et al., 2011). For example, motor vehicle emissions are
increased during peak commuting hours, leading to higher PBM con-
centrations (Landis et al., 2007; Xu et al., 2015). In addition, long-range
transport plays an influential role in diurnal PBM content, potentially
causing the peak time of PBM concentration in remote areas to be
slightly later than in other areas due to the time required for Hg trans-
port from other areas. Photoreduction during daytime atmospheric
transport may decrease PBM concentrations (Huang et al., 2019).
However, the atmospheric mixing layer is much lower at night than
during the day, which limits anthropogenic Hg transport and facilitates
Hg dry deposition onto the vegetation canopy in remote areas, thereby
reducing the nighttime atmospheric Hg concentration in remote regions
(Fu et al., 2016b; Liu et al., 2019a).

3.1.3. Seasonal variations

Significant monthly variations of PBM concentrations are observed
in China (Fig. 2A). Generally, PBM concentrations decrease first and
then increase from January to December. The average PBM concentra-
tion in December is the highest, at 426.0 pg m~3, followed by January
(370.3 pg m~>) and February (411.5 pg m~>). The average PBM con-
centrations in July and August are the lowest, at 118.2 and 111.2 pg
m~3. Associated with the monthly changes, PBM concentrations in
China exhibit distinctly seasonal variations, with the highest mean
concentration observed in winter (429.3 pg m ), with the range of
26.6-1410.0 pg m 3 (10% ~ 90%) (Fig. 2B). In contrast, summer has the
lowest mean PBM concentration of 131.6 pg m™ >, ranging from 8.3 to
270.0 pg m > (10% ~ 90%). The mean PBM concentrations in spring
and autumn are comparable at 217.3 and 239.6 pg m™°, respectively.
The variations of the median PBM concentration are in line with the
mean value: winter (147.8) > autumn (136.4) > spring (121.4) >
summer (59.2 pg m’3).

Heating can directly increase atmospheric Hg content and emit
particulate matter to facilitate the adsorption of GEM or GOM, further
raising atmospheric PBM concentrations (Feng et al., 2004; Xu et al.,
2015; Zhang et al., 2012). Given the significant impacts of heating on
PBM, the monthly variations of PBM in heating and non-heating regions
in China, namely North and South China, are analyzed, respectively
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Fig. 2. Monthly (A) and seasonal (B) variations of PBM concentrations in
China. The line and dot in the boxes represent the median and mean values,
respectively. The bottom and top lines of the boxes are the first quartile (25%)
and third quartile (75%), respectively. The upper and lower whiskers represent
the data range of box diagrams. Next to the boxes are the normal fitting curves
based on the data mean and standard variance, with dots representing the
corresponding data. The data sources are detailed in Table S1, compiled from
previous studies.

(Fig. S3). PBM concentrations in all months are higher in North China
than in South China, suggesting that anthropogenic activities in North
China emitted more PBM into the atmosphere. PBM concentrations are
higher from November to February due to the heating in North China.
South China has higher PBM concentrations from December to March,
probably influenced by the Hg transport from North China. The lowest
PBM concentrations are observed in July in North China and August in
South China. The seasonal variations of PBM concentrations in North
China and South China follow the national trend, with significantly
higher mean PBM concentrations observed in North China in all seasons
(Fig. S4). Overall, although some studies have reported the highest PBM
concentration in spring (Zhang et al., 2019) or autumn (Sun et al.,
2021), the general trend for PBM concentration in China is winter >
autumn = spring > summer (Qin et al., 2016; Qin et al., 2019; Wang
et al., 2021a; Xu et al., 2020; Yuan et al., 2021).

The similar seasonal variations in PBM in northern and southern
China suggest that other factors besides heating influence PBM variation
in China. Meteorological factors, such as air temperature, relative hu-
midity, aerosol compositions, mixing layer height, rainfall, and desert
dust, probably contribute to the PBM variations. Atmospheric temper-
ature and relative humidity can impact the variation of PBM content by
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affecting the gas-particle distribution of Hg (Qin et al., 2016; Wang
et al., 2020; Xu et al., 2015). The higher temperature in summer in-
creases atmospheric Hg distribution to the gas phase (Rutter and Scha-
uer, 2007), while the lower temperature in winter raises the
transformation from GEM and GOM to PBM (Liu et al., 2022a; Selin
et al., 2007). The high relative humidity occurring in cold seasons
contributes to the oxidation of GEM into GOM through OH radicals
(Holmes et al., 2009) and the formation of an aqueous phase layer near
insoluble mineral particles (Sun et al., 2013b), which increases its vol-
ume to dissolve and adsorb more GOM (Zhang et al., 2019). In China,
November to April is considered cold, while May to October is warm.
Previous studies have indicated that the PBM content is typically higher
in the cold months compared to the warm months (Duan et al., 2017b;
Hong et al., 2016a; Hong et al., 2016b; Qin et al., 2019; Schleicher et al.,
2015; Zhang et al., 2021a). Low atmospheric temperature and high
relative humidity during the cold months contribute to enhanced at-
mospheric gas-particle partitioning, leading to the transformation of
atmospheric GEM to GOM and PBM in China (Fain et al., 2009; Lin et al.,
2019; Xu et al., 2020). In addition to temperature and relative humidity,
aerosol compositions also significantly impact the gas-particle distri-
bution of atmospheric Hg. GOM tends to be adsorbed on particles con-
taining organics, NO3, and chloride, whereas when particles contain
more SO%’ and NH4, GOM tends to exist in the gas phase (Xu et al.,
2020). The lower mixing layer height in cold seasons is not facilitative to
the diffusion of atmospheric particles, providing more adsorption me-
dium for Hg and resulting in PBM accumulation (Hong et al., 2016b; Qin
et al.,, 2019; Schleicher et al., 2015). For instance, the shallower
boundary layer resulted in the highest PBM content in urban Hefei in
January, and the elevated PBM concentrations in the morning and
evening were also related to the lower boundary layer depth (Hong
et al., 2016a). Additionally, in China, summer has the highest rainfall
and consequently facilitates the rapid removal of atmospheric PBM
through wet deposition (Schleicher et al., 2015; Wang et al., 2020;
Zhang et al., 2019).

Atmospheric transports also contribute significantly to seasonal PBM
variations. (Wang et al., 2021a; Zhang et al., 2015). In eastern China,
winter and spring seasons are mainly affected by the north and west
winds, which increases the regional PBM concentrations (Duan et al.,
2017a; Yuan et al., 2021). In summer, east and south winds from the sea
with low pollution concentrations primarily influence PBM concentra-
tions (Duan et al., 2017a; Qin et al., 2023). For instance, elevated levels
of PBM in Waliguan mountain were observed during the cold months
due to the strengthening of the westerly winds from anthropogenic
emission regions or those passing through such regions (Zhang et al.,
2015). Additionally, desert dust has an enhanced effect on the transport
of atmospheric PBM (Zhang et al., 2021a). Winter and spring sandstorms
in northwest China and other regions may provide a critical carrier for
atmosphere Hg adsorption (Zhang et al., 2021a; Zhang et al., 2019). Nie
et al. (2020) speculated that the transport of Hg adsorbed on desert dust
with strong winds during desert dust events may have decreased local
PBM concentrations but exacerbated the PBM concentrations in the dust
transport regions (Nie et al., 2020).

Heating during winter releases more Hg into the atmosphere, and the
emitted particulate matter by human activities also provides more sur-
faces for the adsorption of other Hg species, resulting in an increase in
PBM concentration (Duan et al., 2016; Feng et al., 2004; Xu et al., 2015).
Moreover, mid-November to mid-March is the heating period in north-
ern China (He et al., 2001), with the lowest temperature throughout the
year. Thus, December, January, and February present the highest PBM
concentrations of the year. Due to the high atmospheric temperature and
rainfall in warm months, PBM is easily soluble in water and can be
rapidly removed by wet deposition (Blanchard et al., 2002; Cole et al.,
2014). Especially in July and August in China, the lowest PBM con-
centrations occur due to favorable meteorological conditions for atmo-
spheric Hg diffusion and no increase in anthropogenic Hg emissions such
as heating.
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3.1.4. Long-term trends

To determine the annual trend of PBM in China, we performed sea-
sonal differentiation on the data of published articles, as some studies
did not monitor the PBM concentration throughout the year during their
study periods, and the PBM concentrations in different seasons vary
significantly (Fig. 3, Fig. S5). In general, the PBM concentration in China
exhibited an increasing trend, followed by a subsequent decrease from
1999 to 2018, reaching its peak concentration in 2013 (Fig. 3, Fig. S5).
According to emission inventory results, Zhang et al. (2023) found that
anthropogenic Hg emissions in China from 1980 to 2020 had a similar
trend and divided it into three stages: the fast development stage driven
by economic factors, the growth control offset stage, and the rapid
decline period of economic decoupling. Many studies were carried out
during 2010-2015, which is the period with the highest PBM concen-
trations in China (Table S1, Fig. S5), attributed to the high Hg emissions
from coal-fired power plants, coal-fired boilers, and small-scale artisanal
gold production (Wu et al., 2016). The four seasons, including spring,
summer, autumn, and winter, also have the highest PBM concentrations
during this period (Fig. 3). Atmospheric PBM concentrations began to
decline after 2013, with a significant drop occurring since 2015. The
consecutive decline in atmospheric Hg emissions after 2013 was
attributed to air pollution control measures implemented in industries,
such as the improvement of dedusting, desulfurization, and denitrifi-
cation devices (Liu et al., 2019c). Currently, cement production has
surpassed power plants and industrial boilers to become the largest
source of Hg emissions (Liu et al., 2019¢; Zhang et al., 2023). The high
PBM concentrations in China mostly occur in urban areas, such as Bei-
jing, Shanghai, Nanjing, Chengdu, etc., suggesting extreme impacts of
anthropogenic emissions (Chen et al., 2016; Wang et al., 2006; Xu et al.,
2017; Xu et al.,, 2019; Zhu et al.,, 2014). Schleicher et al. (2016)
demonstrated that the observed PBM content in Beijing increased first
and then decreased from 2005 to 2013. The measures implemented
during the Olympic Games, such as reducing traffic, increasing public
transportation, increasing green space, and prohibiting industrial ac-
tivities, led to the lowest PBM concentration in the summer of 2008
(Schleicher et al., 2016).Meanwhile, decreased GEM concentrations are
also found in China. Fu et al. (2015) observed that the GEM concen-
tration in Changbai Mountain, a remote region of China, exhibited an
increase from 2009 to 2013, followed by a decrease from 2013 to 2015.
Similarly, Tang et al. (2018) observed a notable decrease in GEM con-
centrations in rural eastern China from 2014 to 2016.

Declines in atmospheric Hg concentrations had been observed earlier
in other parts of the world than in China (Cole et al., 2013; Slemr et al.,
2011; Weigelt et al., 2015; Weiss-Penzias et al., 2016; Zhang et al.,
2016). Weiss-Penzias et al. (2016) showed that from 1997 to 2013,
about half of the observation sites in the United States and Canada
exhibited a decline in atmospheric Hg wet deposition, while the
remaining observation points did not observe a significant increasing
trend. The observation results by Slemr et al. (2011) in the Southern
Hemisphere and the Atlantic Ocean indicated a decrease in atmospheric
Hg content by approximately 20% - 38% from 1996 to 2009, contra-
dicting the almost constant anthropogenic emissions estimated by the
Hg emission inventory. They believed that climate change, ocean acid-
ification, and the reduction of re-emission of historical Hg were the main
reasons for this result, especially the latter. Similarly, Zhang et al. (2016)
also pointed out that the observed atmospheric GEM concentration
decreased by about 1-2% per year from 1990 to 2010. They speculate
that the Hg emission inventory method could not adequately account for
reductions in Hg emissions from commercial and coal-burning activities,
nor did it accurately estimate Hg emissions from artisanal and small-
scale gold mining, leading to overstated results. In addition, Hg emis-
sions in Asia increased during this period compared to decreases in
North America and Europe (Zhang et al., 2016).

3.1.5. Factors influencing PBM emissions
The environmental factors, including air quality index and
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Fig. 3. Annual variations of PBM concentrations in spring (A), summer (B), autumn (C), and winter (D) in China. The data are derived from previous studies, as
described in Table S1. The shaded area’s upper and lower bounds represent Q3 + 1.5IQR and Q1-1.5IQR of the data, respectively, and the dashed line represents the

mean values.

meteorological conditions, were obtained from a previous study (Tang
et al., 2021) to understand better the contributions affecting atmo-
spheric PBM contents. PCA results revealed three factors that explained
77.6% of the total variance (Table S3). Factors F1 can be labeled as the
anthropogenic source, accounting for 44.5%, and factors F2 and F3 can
be classified as the natural source (atmospheric transport and process),
accounting for 23.8% and 9.26%, respectively (Text S2, Table S3).
Moreover, based on the MLR result, local anthropogenic sources, at-
mospheric transport, and local atmospheric transformation contributed
56.2%, 14.9%, and 29.0% to the content over China, respectively
(Table S3). In contrast to the positive contribution of anthropogenic
emissions to PBM levels, the negative regression coefficients of the MLR
model suggest the negative impact of atmospheric transport and trans-
formation on PBM content. Atmospheric transports can dilute atmo-
spheric Hg concentrations, primarily in areas with high PBM content
(Qin et al., 2023). However, it should be noted that it may be the
dominant PBM source in areas with low Hg concentrations, such as
remote or rural areas (Fu et al., 2019a; Mao et al., 2016). Also, atmo-
spheric processes like photoredox reactions can change PBM concen-
trations (Liu et al., 2022a; Zheng et al., 2021). For example, Zhang et al.
(2022) estimated that about 21% to 46% of PBM was converted to Hg(0)
by photoreduction and then released into the atmosphere.

3.2. Stable isotopes revealing Hg circulation

3.2.1. Hg isotopes compositions of natural materials

We summarized the Hg isotopic fractionation of general Hg-
containing materials, as shown in Fig. 4 and Fig. S6. The literature
pertaining to Hg isotopes in the following figures is sourced from the
references listed in Fig. 4. The Hg isotope fractionation of natural ma-
terials in the environment is significant, ranging from —4.37%o to 4.07%o
for 62°2Hg (n = 4316), from —5.08%o to 7.59%o for A199Hg (n = 4281),
and from —0.26%o t01.19%o for AZOOHg (n = 3443) (Fig. 4). The medians
of SZOZH, A199Hg, and AzOOHg for the natural materials are —0.67%o, and
— 0.02%o, and 0.02%o, respectively.

The Hg isotope ratios in air Hg samples widely range from —3.69%o
to 3.36%o for 52°?Hg and from —2.34%0 to 1.50%. for A*°Hg (Fig. 4,
Table S4). Specifically, significant negative mean (+ 2SD) values for
6202Hg are observed for PBM (—0.83%0 + 1.21%0) and GEM/TGM
(—0.25%0 + 1.30%0), the mean (4 2SD) 52°2Hg value of Arctic PBM is
near zero (—0.06%o + 1.61%o), while the majority of Antarctic PBM and
Arctic GEM have positive values for 52°?Hg. PBM exhibits a slightly
positive mean (& 2SD) value for A199Hg (0.08%o =+ 0.75%o0), while GEM/
TGM has a slightly negative mean (+ 2SD) value for A199Hg (—0.08%o +
0.18%0). Additionally, PBM displays a broad range of A'°°Hg fraction-
ation (—1.39%o0 ~ 1.50%o) in contrast to GEM (—0.27%o ~ 0.19%o). Most
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Fig. 4. 62°2Hg versus A199Hg (A) and kernel density estimations for 62°2Hg (B), A199Hg (C), and AzOOHg (D) of natural materials in the environment. The natural
materials include PBM (except for the polar regions) (Fu et al., 2019a; Huang et al., 2016; Huang et al., 2019; Huang et al., 2020b; Liu et al., 2022a; Qin et al., 2023;
Qiu et al., 2021; Sun et al., 2021; Xu et al., 2017; Xu et al., 2019; Xu et al., 2021; Yu et al., 2016; Zhang et al., 2022), Antarctic PBM (Li et al., 2020), Arctic PBM
(Araujo et al., 2022; Zheng et al., 2021), Arctic GEM (Araujo et al., 2022; Sherman et al., 2010; Zheng et al., 2021), GEM/TGM (except for the polar regions) (Demers
et al,, 2013; Fu et al., 2016a; Fu et al., 2021b; Gratz et al., 2010; Yu et al., 2016; Yu et al., 2022; Zheng et al., 2021), Arctic snow (Araujo et al., 2022; Sherman et al.,
2010; Zheng et al., 2021), rainfall (Demers et al., 2013; Gratz et al., 2010; Sherman et al., 2012; Wang et al., 2015; Xia et al., 2022; Yuan et al., 2022a), snow (Wang
et al., 2015; Yuan et al., 2022a), coal (Biswas et al., 2008; Huang et al., 2016; Huang et al., 2017; Lefticariu et al., 2011; Sherman et al., 2012; Sun et al., 2014a; Sun
et al., 2013a; Sun et al., 2014b; Tang et al., 2017; Wang et al., 2015; Yin et al., 2014a), soil/dust (Biswas et al., 2008; Demers et al., 2013; Estrade et al., 2011; Huang
et al., 2016; Jiskra et al., 2017; Lepak et al., 2022; Liu et al., 2019b; Wang et al., 2017; Wang et al., 2015; Xia et al., 2022; Yin et al., 2013b; Yuan et al., 2022b; Zheng
et al., 2016), Hg ore, mineral, and mineral waste (Cooke et al., 2013; Jiskra et al., 2017; Lefticariu et al., 2011; Sonke et al., 2010; Stetson et al., 2009; Wang et al.,
2015; Wiederhold et al., 2013; Yin et al., 2013c), rock (Huang et al., 2016; Sun et al., 2014a; Wang et al., 2015; Xia et al., 2022; Yuan et al., 2022b), sediment (Cooke
et al., 2013; Donovan et al., 2013; Foucher and Hintelmann, 2009; Gantner et al., 2009; Gehrke et al., 2011a; Lepak et al., 2015; Mil-Homens et al., 2013; Sonke et al.,
2010; Sun et al., 2022; Yin et al., 2015; Yin et al., 2013c), foliage/root (Demers et al., 2013; Liu et al., 2019b; Yuan et al., 2022b; Zheng et al., 2016), lichen (Bozic
et al., 2022; Carignan et al., 2009; Estrade et al., 2010), litter (Jiskra et al., 2015; Wang et al., 2017; Yu et al., 2016; Zheng et al., 2016), moss (Jiskra et al., 2019; Liu
et al., 2019b), rice (Yin et al., 2013a), fish (Gantner et al., 2009; Gehrke et al., 2011b; Laffont et al., 2009; Lepak et al., 2022; Tsui et al., 2014; Yang et al., 2022),
groundwater/seawater (Huang et al., 2017; Jiskra et al., 2017; Xia et al., 2022), human hair exposed to Hg (Du et al., 2018; Laffont et al., 2009; Li et al., 2014; Li
et al., 2016; Li et al., 2017; Rothenberg et al., 2017; Sherman et al., 2015; Sherman et al., 2013; Yang et al., 2021), and human urine exposed to Hg (Du et al., 2021;
Sherman et al., 2015; Sherman et al., 2013).

air Hg samples have negative values for A*’Hg in the polar regions,
especially for Arctic PBM and Arctic GEM, whose minimum values of
A®°Hg are less than —2.00%o. Zheng et al. (2021) pointed out that the
negative A'°°Hg of PBM in the Arctic was mainly derived from the in-
situ oxidation of GEM and subsequent particle scavenging rather than
directly from the long-distance transport of PBM from anthropogenic
emissions. Additionally, PBM exhibits a positive mean (+ 2SD) A2*°Hg
value of 0.07%c + 0.12%. (Table S4), surpassing that of other

atmospheric samples, including Antarctic PBM (—0.01%o0 + 0.13%o),
Arctic PBM (—0.01%o0 + 0.11%o), Arctic GEM (—0.08%o + 0.09%o), and
GEM/TGM (—0.02%0 & 0.08%0). The positive A2°°Hg of PBM may be
attributed to photochemical redox reactions occurring in aerosols within
the troposphere (Cai and Chen, 2016; Fu et al., 2021a). Significantly
positive 520?Hg, negative A'°°Hg, and negative A%°Hg values are
observed in Arctic snow samples, ranging from —1.06%o to 4.07%o,
—5.08%o0 to 0.01%o, and — 0.12 to 0.04 respectively (Fig. 4). The negative
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MIF in Arctic snow possibly originates from the photoreduction of Hg
(ID) (Sherman et al., 2010), and Arctic warming probably accelerates the
deposition of atmospheric Hg (II) to snow (Steffen et al., 2014). How-
ever, most snow and rainfall samples in other regions have significantly
negative 52°2Hg, positive A'°°Hg, and A?°°Hg values.

Generally, solid natural materials exhibit negative mean (+ 2SD)
values of 6202Hg, which are —1.28%0 + 1.61%o for coals, —1.10%o +
1.62%o for soils/dust, —0.38%0 + 1.80%. for Hg ores, minerals, and
mineral waste, —0.73%o + 0.93%o for rocks, and — 0.64%o + 1.45%o for
sediments (Table S4). As shown in Fig. 4, the values of §2°?Hg of PBM
and GEM/TGM mostly overlap with those of solid natural materials. The
mean (£ 2SD) A199Hg values of solid natural materials are near-zero or
slightly negative, such as coals (—0.09%o + 0.37%o), Hg ores, minerals,
and mineral waste (0.02%o + 0.21%o), rocks (—0.00%o + 0.18%o), sedi-
ments (0.04%o0 + 0.29%o), and soils/dust (—0.23%o + 0.46%o). For veg-
etations, foliage/roots (—2.39%c + 0.74%o) and litters (—2.69%0 =+
1.22%o) have negative 82°2Hg values, while lichens (—1.32%o &= 2.21%o),
mosses (0.32%o & 1.85%o,), and rice (—2.06%o + 2.19%o) have a broader
range of 52°2Hg values. Most of the A'?’Hg values are negative for all of
them, with the mean (+ 2SD) values of —0.42%o + 0.34%o for foliage/
roots, —0.32%o0 + 0.29%o for litters, —0.38%0 + 0.28%o for lichens,
—0.22%o0 & 0.24%o for mosses, —0.16%o &= 0.25%o for rice.

Fish and human hair exposed to Hg have similar patterns of 52°?Hg
and A199Hg (Fig. 4, Table S4). The mean (+ 2SD) values of 6202Hg of fish
and human hair are 0.15%o & 1.65%0 and 1.10%o &+ 2.02%o, and their
mean (+ 2SD) values of A199Hg are 2.55%0 + 4.39%o0 and 0.67%o +
1.46%o0, which are remarkably higher than the A!°°Hg values of solid
materials and vegetations. The mean (+ 2SD) values of 52°°Hg Hg of
groundwater/seawater and human urine exposed to Hg are —1.21%o +
1.33%0 and — 1.92%o + 1.44%o, respectively, and the mean (4 2SD)
values of A'%’Hg of them are —0.13%0 + 36%o and 0.28%0 + 0.93%o,
respectively. Fish and rice grown in heavily Hg-polluted regions serve as
a significant source of human Hg intake. The A'°°Hg in human hair and
urine, primarily obtained through fish consumption, exhibit markedly
positive values, whereas those derived from rice consumption are near
zero (Du et al., 2018; Rothenberg et al., 2017). Furthermore, lighter Hg
isotopes are preferentially involved in the demethylation process of
MeHg within the human body, resulting in lower 52°?Hg values in urine
and higher 6202Hg values in hair (Li et al., 2022). In contrast, the frac-
tionation of ingested A'*’Hg in the human body is relatively minor (Li
et al., 2022).

3.2.2. Hg flows revealed by SEM

Polar regions exhibit higher §2°Hg values of GEM and PBM than
other regions, especially the §2°?Hg values of Arctic GEM and Antarctic
PBM are significantly positive (Fig. 4). Moreover, the A'°’Hg values of
GEM and PBM in polar regions are mainly negative, similar to the §2°Hg
and A®°Hg ratios of polar snow. In the Arctic, PBM mostly stems from
in-situ oxidation of GEM and following particle scavenging, thereby
inheriting the isotopic ratio of GEM (Zheng et al., 2021). Additionally,
studies have shown that during atmospheric Hg depletion events, large
amounts of Hg in the snow are re-released into the atmosphere through
photochemical processes in polar regions, leading to elevated atmo-
spheric Hg concentrations (Steffen et al., 2015; Wang et al., 2019). In
contrast, other areas show negative 52°?Hg values and significantly
positive A'®°Hg values in rainfall and snow samples. The positively
shifted A9°Hg is likely affected by atmospheric photoredox processes,
which is supported by the high A2°Hg values of rainfall (0.16%o =+
0.26%0) and snow (0.38%o. + 0.50%c) associated with strong photo-
initiated oxidation (Chen et al., 2012) (Fig. S6).

Most atmospheric Hg samples (GEM/TGM, PBM, rainfall, and snow)
have negative 52°?Hg values, primarily overlapped with the values of
solid natural materials (coals, Hg ores, minerals, and mineral waste,
rocks, sediments, and soils/dust) and vegetations (foliage/roots, litters,
lichens, mosses) (Fig. 4). However, due to the significant influence of
atmospheric transport, GEM generally shows a distinctively positive
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5292Hg and negative A'°°Hg in remote regions (Fu et al., 2019b; Yu
et al., 2022), while other Hg(II) compounds are typically characterized
by positive A'®°Hg (Qin et al., 2023; Yuan et al., 2022a). The compa-
rable isotopic variations between atmospheric Hg samples and solid
natural materials imply a significant contribution of solid natural ma-
terials and vegetation to atmospheric Hg, as substantial MIF is solely
triggered by intensive photooxidation and photoreduction (Blum et al.,
2014; Cai and Chen, 2016). The results of the SEM (Fig. 5) demonstrate
the conclusion with the extreme relationship (P < 0.01) between at-
mospheric Hg and raw materials (estimate coefficient = 0.91) and
vegetation (estimate coefficient = 1.78). Although MDF of Hg occurs
during coal combustion, it is typically around 0.3%., and no MIF was
observed in this process (Sun et al., 2013a). Therefore, it is practical to
trace Hg emissions from coal combustion using Hg isotopes. Compared
with Hg emissions from raw materials, the relationship between plant
and atmospheric Hg has a higher estimate coefficient, which may be
because plants are not only a source of Hg emissions but also a pool for
Hg absorption. Previous studies have shown that biomass burning is one
of the important sources of atmospheric Hg, and it would not change the
A199Hg values during combustion (Han et al., 2023; Huang et al., 2016).
But at the same time, vegetation is also an import absorption and storage
pool of atmospheric Hg and a main source of raw coal (Hatcher and
Clifford, 1997; Wang et al., 2021c). Atmospheric Hg can be deposited in
terrestrial and marine ecosystems through wet and dry deposition
(Howard and Edwards, 2018; Sprovieri et al., 2017; Yang et al., 2010).
However, historically deposited Hg can also increase atmospheric Hg
levels through re-emission (AMAP/UNEP, 2013; AMAP/UNEP, 2019).
In addition to the significant impact of atmospheric Hg deposition on
vegetation, soil/dust is also significantly (P < 0.01, Fig. 5) related to Hg
accumulation in plants, as plant roots can uptake Hg from soils (Yuan
et al., 2022b). For instance, Hg in the roots of subtropical forest comes
mainly from the surrounding soil, and in karstic forest areas, about 80%
of the Hg in the soils originates from litterfall Hg depositions (Yuan
et al., 2022b; Du et al., 2023).

Due to the limited number of urine and water samples, we combined
urine with hair samples and water with fish samples for SEM analysis
(Fig. 5). We found that atmospheric Hg, as well as Hg in water and fish,
have significant (P < 0.01) effects on the human body. Previous studies
have emphasized the significant transfer of Hg from fish to humans
(Sunderland, 2007), as evidenced by the comparable Hg isotope ratios
observed in fish and human hair (Fig. 4). The Hg isotopic compositions
in human urine also closely resemble those in rice and groundwater,
suggesting their potential significance as sources of human Hg intake
(Du et al., 2018; Xia et al., 2022). Moreover, the human body has a
higher regression coefficient with atmospheric Hg than water and fish,
indicating that the human body’s inhalation of atmospheric Hg cannot
be ignored. In addition, atmospheric Hg deposition significantly impacts
(P < 0.01) the Hg isotope compositions of water and fish, and the
deposited Hg then accumulates in sediments through sedimentation
(Fig. 5).

3.2.3. PBM sources identified by Hg isotopes

3.2.3.1. PBM isotope ratios in China. As shown in Fig. 6 and Fig. S7, the
observed PBM isotopic compositions in China range from —3.69%o to
1.19%o for 8202Hg (—0.83%o + 1.21%0, mean + 25D, n = 859), —1.39%o
to 1.50%o for A19°Hg (0.08%o = 0.75%0, mean + 2SD, n = 859), and —
0.16%o to 0.29%o for A2°°Hg (0.07%o + 0.12%o, mean + 2SD, n = 814).
Most of the §2°Hg values of PBM in China are negative, which overlap
with most of the Hg emissions sources, such as coals, soils/dust, and
moss (Fig. 6, Fig. $8). The highest A'°’Hg value of PBM is found in
remote/rural areas (0.40%o & 0.73%o, mean =+ 2SD, n = 122), followed
by islands (0.35%o + 0.67%o, mean + 2SD, n = 21), suburban (0.10%o. +
0.32%o0, mean =+ 2SD, n = 20), urban (0.10%o 4 0.71%o, mean =+ 2SD, n
= 481), and coastal areas (—0.17%o £ 0.52%o, mean + 2SD, n = 215).
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Given the 52°2Hg and A'°°Hg values of PBM and Hg emissions sources,
PBM in urban and suburban is mainly from industrial activities, such as
coal combustion and metal smelting, followed by biomass burning (moss
and lichens). Moreover, biomass burning is a significant contributor in
coastal areas compared to other regions. However, some A'?°Hg values
of PBM in China, like remote and island areas, are significantly positive
instead of near-zero or negative values, indicating that factors other than
human activities also contribute significantly to PBM levels. Previous
studies have pointed out that Hg undergoes strong photoreduction
during long-distance transports, resulting in a positive shift in A'°°Hg
values (Chen et al., 2012; Fu et al., 2019a; Qiu et al., 2021), which
suggests that not only GEM but also PBM can carry out long-distance
transport in the atmosphere. Similar positive A'°°Hg values also
appear in rainfall samples. Fig. S9 illustrates the correlation between
A'Hg and A?°'Hg, and the slope is widely used to identify Hg MIF
processes. For instance, the slope is approximately 1.36 in residual
MeHg following photodegradation, and the ratio in freshwater fish is
1.28 (Blum et al., 2014). The A199Hg /A201Hg ratio of PBM samples in
China is 1.11 + 0.02 (2SE, n = 841, Fig. S9), close to the slopes in the
residual phase of Hg(II) photoreduction (1.00-1.31) (Bergquist and
Blum, 2007; Zheng and Hintelmann, 2009), indicating that atmospheric
Hg photoreduction is the primary reaction experienced by PBM in
China.

According to the linearized binary isotope mixing equation, 52°2Hg
versus 1/PBM and A'°°Hg versus 1/PBM are used to estimate the Hg
isotope compositions of PBM from anthropogenic and background at-
mospheric sources in China (Fig. S10). Assuming that when 1/PBM is
zero, all PBM in aerosols come from anthropogenic sources, i.e., the
contribution of atmospheric background sources is zero (Fu et al., 2018).
At this point, the estimated 52°Hg and A'°°Hg values of anthropogenic
sources contributing to PBM in China are —0.79%o0 and 0.02%, respec-
tively, closely resembling the values of the abovementioned anthropo-
genic sources (coals, rock, etc.). Regionally, most §2°Hg and A'*°Hg
values of PBM in urban, suburban, and coastal areas are close to the
estimated values of anthropogenic emissions, suggesting that anthro-
pogenic sources are the most significant contributors to PBM in these
regions. Nevertheless, background sources, as well as anthropogenic
sources, contribute significantly to PBM levels in remote/rural and is-
land areas. The background sources may originate from the long-
distance transport of Hg, leading to a positive shift of A'°°Hg of PBM
(Fu et al., 2019a; Qin et al., 2023).

3.2.3.2. PBM sources prediction by machine learning

3.2.3.2.1. Isotopic tracing principles. The difficulties in isotope
tracing arise from the variety of emission sources, overlap in isotope
values from different sources, and isotope fractionation during emission
(such as combustion) and post-emission (like transport) processes. These
challenges are common to all isotope tracing models currently available
in the literature. Previous studies have indicated that the number of
employed emission sources significantly influences the contributions of
each source when using the MixSIAR model (Luo et al., 2022). Altering
the types of emission sources leads to notable changes in the estimated
contributions from other sources (Feng et al., 2023). However, it is
challenging to determine which sources significantly contribute to sinks
and how to differentiate their effects. Additionally, atmospheric pollu-
tion is highly influenced by atmospheric transport, leading to diverse
pollution sources (Qin et al., 2023; Yu et al., 2022). In this study, we
selected the most common and contributing pollution sources, including
industrial sources (coal, minerals, rock), biomass sources (foliage/roots,
litters, lichens, mosses), and soil/dust (Huang et al., 2020a; Sun et al.,
2021; Xu et al., 2021). Different regions, such as remote/rural, subur-
ban, urban, and coastal areas, are primarily impacted by these three
source categories, although their contributions to PBM vary significantly
across different regions (Qin et al., 2023).

RFM operates differently from traditional methods, like MixSIAR,
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complementing each other. Traditional models employ regression to
determine source contributions, while machine learning algorithms,
such as RFC, use classification models to estimate the probabilities of
PBM originating from different sources (Moore and Semmens, 2008;
Pedregosa et al., 2011). Initially, the datasets of source samples are
divided into training and testing sets. During training, the RFC model
learns to associate different isotope compositions with specific source
categories using the training set. Subsequently, the trained model pre-
dicts and classifies the testing set, evaluating its accuracy. If the accu-
racy falls short, the model is adjusted iteratively to maximize accuracy
or meet the required predictive accuracy. Once trained, the model uses
the isotope signatures of PBM to identify the probabilities of its origin
from different sources. As for the overlap between different sources, the
accuracy obtained on the testing set reflects the model’s ability to
differentiate and identify source types, a feature lacking in traditional
source apportionment models. Additionally, the MixSIAR model typi-
cally uses the mean and standard deviation of source isotopes (Stock
et al., 2018). If the data is not normally distributed, it is challenging to
characterize the source isotope features accurately using the MixSIAR
model. In contrast, RFC models do not rely on the assumption of data
normality.

The isotope fractionation during the processes of raw materials to
emissions, as well as the post-emission processes, represents challenges
in isotope tracing (Yin et al., 2014b). Current research on inorganic Hg
(Hg(II) and Hg(0)) predominantly focuses on the oxidation-reduction,
non-redox, and isotope exchange processes (Sun et al., 2016a; Zheng
et al., 2019; Zheng and Hintelmann, 2009). These processes can induce
significant MDF, indicating its susceptibility to physical and chemical
reactions (Blum et al., 2014). For instance, the Hg(II) liquid-phase
photo-reduction and dark reduction typically drive §2°?Hg of products
in a negative shift (Rose et al., 2015). Isotope exchange processes may
also yield notable MDF, but current studies are limited (Zheng et al.,
2019). Previous studies reported that compared to feed coal, GEM and
GOM in flue gas exhibited a significant enrichment of 5?°?Hg (Tang
et al., 2017), potential up to 0.3% enrichment (Sun et al., 2013a).
Similarly, 52°2Hg was significantly enriched in the released PBM after
biomass combustion, with §2°?Hg values ranging from —1.65%o to
—0.77%o (Han et al., 2023). However, there is no unified pattern in
5292Hg fractionation of Hg source materials before and after emissions,
necessitating further study. Current research generally overlooks the
impact of MDF on source attribution (Huang et al., 2016; Sun et al.,
2021; Xu et al., 2017). Based on the current limited understanding, we
choose not to incorporate 52°2Hg fractionation into the subsequent
analysis of the source tracing model. Photochemical oxidation-reduction
is the only known process that can result in significant odd-MIF, such as
the liquid-phase photoreduction of Hg(II) (Blum et al., 2014). The
photoreduction primarily contributes to atmospheric Hg transformation
and typically causes a positive shift of A'°’Hg influenced by atmospheric
light intensity and residence time (Fu et al., 2019a). According to cur-
rent understanding, it is generally believed that only intense photo-
chemical redox in the troposphere can induce significant even-MIF,
leading to the enrichment of A2°°Hg in the products (Cai and Chen,
2016; Fu et al., 2021a). Therefore, AzOOHg can provide exclusive in-
formation about Hg sources due to being less affected by atmospheric
processes. Raw materials and plants do not exhibit significant MIF
during emitting Hg into the atmosphere through industrial or burning
processes, displaying conservative MIF signals (Han et al., 2023; Huang
et al., 2017; Yin et al., 2013c). Consequently, they can be characterized
by MIF features of source materials (Sun et al., 2013a; Tang et al., 2017).
In line with current knowledge, significant MIF in aerosols is typically
triggered by intense atmospheric photochemical oxidation and reduc-
tion reactions during high-altitude transport. Hence, when tracing
regional anthropogenic emissions, the impact of MIF can be disregarded.
Alternatively, considering a reduction in the A'*’Hg values of PBM is a
viable option, but further investigation is imperative to determine the
specific degree and range of MIF enrichment. Post-emission processes
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are primarily influenced by homogenous atmospheric photochemical
redox, causing isotope fractionation that mainly concentrates on atmo-
spheric transport studies (Fu et al., 2019a; Yu et al., 2022). We under-
took a detailed discussion of the isotopic fractionation of PBM in the
subsequent section of atmospheric transport, excluding it from the
analysis of contributions from anthropogenic sources.

3.2.3.2.2. Sources prediction. In this study, the RMC model based on
machine learning was employed to quantify each emission source’s
contribution to PBM. Initially, we built the model using the §2°?Hg,
A'°Hg, and A%°°Hg values of potential emission sources, including
lichen, moss, foliage/root, litter, coal rock, soil/dust, and Hg ore, min-
eral, and mineral waste, based on the bagging sampling method. The Hg
isotope ratios and type of potential sources were set as the eigenvalues
and target values of the RMC model, respectively. The RMC model was
then taken to predict the probability of each source contributing to PBM
based on the Hg isotopic composition of PBM. The employed RMC model
on the training and out-of-bag datasets scored 0.64 and 0.60, respec-
tively, indicating an accurate distinction of sources with a 60% proba-
bility based on §2°2Hg, A'*°Hg, and A%2°°Hg values. The weights of
eigenvalues §2°2Hg, A'°°Hg, and A2°°Hg to source classification were
51.16%, 38.23%, and 10.61%, respectively. As the sample size of
various Hg sources is inconsistent, especially since some studies did not
measure A?°°Hg values, we also used the Synthetic Minority Over-
sampling Technique (SMOTE) method to balance the sample sizes
before running the RMC model. The RMC model scored 0.85 and 0.74 on
the training and out-of-bag datasets with sample size equalization using
SMOTE, respectively. At this point, we can see that after equalizing the
samples, the accuracy of MRC model predictions has increased by 14%.
It is possible to infer that the RMC model can obtain higher fitting and
prediction accuracy if the sample size is large enough. In other words, it
can accurately identify the Hg source based on the Hg isotopes,
demonstrating the reliability of using three-dimensional compositions of
Hg isotopes to specify Hg sources.

We employed the RMC model with unprocessed datasets to predict
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PBM sources in China, as the RMC model exhibits a higher degree of
overfitting to the training set after the data was processed using the
SMOTE method. As Fig. 7 shows, coal is the most crucial contributor to
atmospheric PBM in China, accounting for 38.42% of the total emis-
sions, followed by Hg ore, mineral, and mineral waste (20.25%), soil/
dust (17.14%), lichen (12.80%), litter (5.58%), rock (2.08%), moss
(1.92%), and foliage/root (1.81%). Coal, Hg ore, mineral, and mineral
waste, and soil/dust are the top three contributors to PBM, except for
coastal areas. In coastal areas, vegetation such as lichen and litter is also
a significant contributor to PBM, as a previous study reported that
biomass burning was the primary contributor to PBM in the coastal area
of Xiamen Bay, suggesting by the significantly negative A°°Hg values of
PBM (Sun et al., 2021).

Industrial activities (coal and Hg ore, mineral, and mineral waste)
are the primary contributors to PBM in China, accounting for 58.67%.
Wu et al. (2016) also pointed out that the anthropogenic Hg emissions in
China largely stem from coal combustion, metal smelting, and cement
production. Biomass burning is another important source for PBM,
contributing 22.11% of the total emissions to PBM. Combined with
isotope ratios of PBM with elemental carbon and other aerosol compo-
sitions, Huang et al. (2016) found that coal combustion was the domi-
nant factor influencing Beijing’s PBM concentrations in winter, but
biomass burning contributed the most in autumn. Moreover, a recent
study conducted on the Tibetan Plateau showed that PBM accounted for
17.93% to 49.31% of Hg emitted from biomass combustion, which was
considerably underestimated in previous studies (Han et al., 2023).

The contribution of soil/dust to PBM is underrated in previous
studies. It reaches 17.14% of the total PBM emissions, ranging from
0.51% to 56.42%, as predicted by the RMC model in our study. The
content of Hg in topsoil from Beijing can reach up to 7747 ng g~ ~,
proximate to the mass content of PBM (150-2200 ng g_l) (Huang et al.,
2016), suggesting that soil is probably one of the contributors to PBM
(Qiu et al., 2021). Furthermore, Sun et al. (2020) found that the Hg
contents of street dust in 60 cities in China ranged from 20 to 39,100 ng
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Rock H M H - H H
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Fig. 7. Contributions (%) of various sources to PBM in China predicted by the random forest classifier model. Violin shapes represent data distributions, while the
vertical line within each violine indicates the mean value. The upper and lower whiskers depict the maximum and minimum values. References for the dataset of Hg

sources are provided in Fig. 4 and Fig. 6.
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g}, and coal combustion and metal smelting were probably responsible
for the high Hg concentration of dust in cities (Sun et al., 2020). Huang
et al. (2020a) observed high PBM concentrations in the Taklimakan
Desert, especially during dust storms, where the PBM content reached
exceptionally high levels of hundreds or even thousands of nanograms
per cubic meter. Additionally, dust adsorbing atmospheric Hg may cause
significant increases in Hg concentrations in other regions of China
through atmospheric transport (Huang et al., 2020a; Yu et al., 2019;
Zhang et al., 2021a).

3.3. Atmospheric Hg transport

3.3.1. Atmospheric PBM transport in China

The East Asian monsoon (EAM), the Westerlies, and the Indian
monsoon predominantly influence the air masses in China. The EAM,
with the prevailing northwestern wind in winter and southeastern wind
in summer, covers eastern China, including highly developed regions
like the BTH region and Yangtze River Delta. The air masses in devel-
oping and sparsely populated western China are mainly impacted by the
Westerlies and Indian monsoons, particularly in the Tibet Plateau re-
gion. The BTH region and its surrounding areas play a crucial role in
investigating Chinese atmospheric Hg pollution. Because it is not only an
important area of Hg emissions but also serves as a source of Hg that can
be transported to other areas in eastern China, driven by the EAM
(AMAP/UNEP, 2019; Qin et al., 2023; Wu et al., 2016). Regional
emissions and atmospheric transport jointly influence the PBM con-
centration in the BTH region (Tang et al., 2019; Wang et al., 2021a).
Beijing and its surrounding areas, such as Inner Mongolia, Hebei, Henan,
and Shandong provinces, are the leading emitter of Hg in China (Wu
et al., 2016), with coal combustion, biomass burning, non-ferrous metal
smelting, and cement production being the primary sources (Huang
etal., 2016; Qin et al., 2023). Under the influence of the EAM, air masses
originating in Central Asia and Siberia would pass through Mongolia,
Inner Mongolia, and other areas before arriving at the BTH region
during spring, autumn, and winter. These air masses carry elevated PBM
air masses through the surrounding cities and finally reach the BTH
region during long-distance transport (Qin et al., 2023; Wang et al.,
2021a). In addition, dust from deserts in the northwest can also act as a
medium during PBM transport, further promoting the long-range
transport of PBM from northwestern China to southeast China (Yu
et al., 2019). However, during the East Asian summer monsoon, air
masses originating from oceans carry relatively low levels of PBM and
can scavenge PBM pollution in the BTH region (Qin et al., 2023).

Shanghai in the Yangtze River Delta is another frequently studied
area for atmospheric PBM. The regional transport from Anhui, Jiangsu,
Shandong, and Hebei, the primary Hg emitters located in the northwest
of Shanghai, greatly impacts the PBM content in Shanghai during spring,
autumn, and winter (Qin et al., 2019; Xiu et al., 2009). During the East
Asian summer monsoon, the potential source areas of PBM in Shanghai
are Zhejiang, Jiangxi, and Fujian (Qin et al., 2019; Xiu et al., 2009).
Apart from regional transport, the long-range transport of air masses
from the north driven by the winter monsoon also has a significant in-
fluence on PBM in Shanghai. These air masses carry elevated PBM
content to Shanghai through Mongolia, Inner Mongolia, and the heavily
polluted North China Plain, intensifying PBM pollution in the Yangtze
River Delta (Hong et al., 2016b; Zhang et al., 2017). Alternatively, the
ocean-cleaning air masses from the southeast are conducive to removing
atmospheric particulate matter in this region (Cheng et al., 2017; Hong
et al., 2016b). Research carried out at Huaniao Island, a remote site in
the Yangtze River Delta, also shows that air masses from the north
facilitated the increase of PBM concentrations in this area, especially
when combined with desert dust during long-range transport (Duan
et al., 2017a; Qin et al., 2016). Additionally, the airflow from the
southeast ocean in summer may also increase PBM concentrations in
Huaniao Island because of the oxidation of Hgo (Duan et al., 2017a).

The Hg circulation on the Tibet Plateau has attracted much attention
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due to its unique landforms. Unlike East China, which is affected by the
EAM, the PBM transport over the Tibet Plateau is influenced by the
Westerlies and the Indian monsoon. Due to the sparse population, at-
mospheric Hg concentrations on the Tibet Plateau are largely impacted
by regional and long-range transport, such as domestic sources from
Qinghai, Gansu, and Ningxia and transboundary sources from India,
Nepal, Myanmar, and Bangladesh (Fu et al., 2012; Lin et al., 2019;
Zhang et al., 2015; Zhang et al., 2021a). During transport, biomass
burning, desert dust, and the photochemical transformation of Hg are
the potential sources of PBM in the Tibet Plateau (Fu et al., 2019a; Zhang
et al., 2015; Zhang et al., 2021a). For example, dust from the desert and
Gobi areas contributes significantly to the PBM content at the WLG
station under the westerlies-driven long-range transport (Zhang et al.,
2021a). Moreover, the glacial winds shaped by glaciers on the Tibet
plateau pump air masses from the upper atmosphere to the surface,
likely intensifying air mass transport and causing PBM pollution (Lin
et al., 2019).

Some studies also have studied the atmospheric PBM transport in
other regions of China, most of which were conducted in eastern China.
Wang et al. (2020) showed that the atmospheric PBM in Changdao is-
land of Shandong Province was affected by the long-range transport
from North China, and atmospheric fine particles were easier to absorb
atmospheric Hg and be transported over long distances. Similarly,
research in Xiamen shows that its potential source areas were mainly
located in the coastal and inland cities of eastern China affected by the
EAM, while air masses from the South China Sea and the western Pacific
in summer brought clean air mass (Xu et al., 2015). Liu et al. (2019a)
demonstrated that the MCB station located in the remote Changbai
Mountains was more likely to be impacted by the long-range transport of
PBM emitted by humans in northeast and east China and the large-scale
biomass burning in northeast Asia. In general, due to the impact of the
EAM, the North China Plain is the crucial region for Hg pollution and
transport to other regions in China.

3.3.2. Hg isotopes tracing PBM transport

Previous studies generally demonstrated the potential sources of
PBM by combining Hg content and meteorological data with the Po-
tential Source Contribution Function (PSCF) model (Cheng et al., 2015;
Dieguez et al., 2019; Zhang et al., 2021b). However, the contributions of
regional emissions and long-distance transport have not been clearly
differentiated. Thanks to advancements in high-precision measure-
ments, Hg isotopes, characterized by unique three-dimensional frac-
tionation, offer new insights into revealing Hg emissions and tracing Hg
transport (Ariya et al., 2015; Blum and Bergquist, 2007; Blum et al.,
2014). The PBM in China presents a broad range of isotopic composi-
tions, with §2°2Hg ranging from > —3.7%o to <1.2%o and A'°°Hg ranging
from > —1.4 to <1.5 (Fig. 6). Previous studies have reported that iso-
topic signatures of anthropogenic sources generally showed negative
values for §2°2Hg and near-zero or negative values for A'°°Hg (Huang
et al., 2016; Qin et al., 2023; Sun et al., 2016b; Yin et al., 2014a). The
majority of 52°2Hg values of PBM in remote/rural, suburban, and urban
areas are negative. However, some AlggHg values of PBM in those areas
are significantly positive instead of near-zero or negative values, sug-
gesting that others, such as atmospheric transport, have a greater in-
fluence on PBM than regional anthropogenic sources. During
atmospheric transport, Hg shows elevated A'°°Hg values under photo-
chemical redox processes (Chen et al., 2012; Fu et al., 2019a; Qiu et al.,
2021). Therefore, PBM would present higher A'°°Hg values when long-
range transport of atmospheric Hg contributed significantly. For
instance, many A'°°Hg values of PBM in remote/rural areas and islands
are positive (Fig. 6), suggesting the combined influences of regional
anthropogenic emissions and long-range transports. However, regional
anthropogenic emission is more critical in PBM levels than long-range
transport in other areas, such as suburban, urban, and coastal areas, as
they exhibit lower A°°Hg values, close to the isotope ratios of emission
sources (Fig. 6). For instance, Sun et al. (2021) identified biomass



X. Qin et al.

burning as the primary contributor to PBM in the coastal area of Xiamen
based on noticeably negative A'*’Hg, and in autumn, near zero A'°°Hg
values and elevated Hg concentrations indicated a significant contri-
bution from regional anthropogenic emissions. Additionally, due to
intensively anthropogenic activities, industrial emissions tend to be the
predominant factors affecting PBM content in urban Beijing areas
(Huang et al., 2016).

Research conducted in Kolkata, India, reported that the A!'°°Hg
values of PBM varied from —0.31 %o to +0.33 %o (Das et al., 2016).
Summer air masses originating from the Bay of Bengal greatly contrib-
uted to forming PBM, promoting the enrichment of A'°°Hg; in contrast,
during winter, northern dust predominantly influenced PBM (Das et al.,
2016). MIF was mostly negative in another area with severe PBM
pollution in the Indo-Gangetic Plain, with local emissions dominating
PBM formation (Guo et al., 2021). However, in the Arctic region, Hg
content was markedly affected by Hg emissions from the Northern
Hemisphere, atmospheric Hg dissipation events, and re-emissions
(Angot et al., 2016). Zheng et al. (2021) pointed out that PBM in the
Arctic region exhibited negative A!°°Hg values, different from the
positive A'°°Hg values commonly found in oxidized-Hg forms else-
where. They believe that PBM was mainly derived from the in-situ
oxidation of GEM and subsequent particle scavenging, thus inheriting
the isotopic ratios of GEM rather than directly from the long-distance
transport of PBM from anthropogenic emissions (Zheng et al., 2021).

Combining Hg isotopic compositions and PSCF has also been
employed to invert atmospheric Hg transport processes in studies (Qin
et al., 2023; Yu et al., 2022). Due to the stability of A199Hg, generally
triggered by photochemical reactions, Yu et al. (2022) combined high
and low A'°Hg values with the PSCF model to identify anthropogenic
emission areas and background transport areas of TGM in the Tibet
Plateau, respectively. When using high A!'°°Hg values to trace PBM
transport, it should be noted that water-soluble organic carbon may
significantly elevate A'®°Hg values by photoreduction during severely
polluted and high relative humidity weather (Zhang et al., 2022). More
studies on the laws and mechanisms of Hg isotope fractionations are
needed to disclose the geochemical process of atmospheric Hg.

3.4. Conclusions, implications, and future research direction

This review summarized the PBM spatial and temporal variations
across China, revealed Hg circulation by combining the Hg isotope
dataset and SEM, and identified the contributions of anthropogenic
sources to PBM using Hg isotopes and machine learning. The findings
offer valuable insights into the sources, transformation, and circulation
of atmospheric Hg:

(1) The median concentrations of PBMysp and PBM5 5 in China are
74.5 and 273.6 pg m~3, respectively, and the PBMy 5/PBMsp
ratio ranges from 35.7% to 72.5%. Urban areas have the highest
mean PBM concentration, followed by suburban, coastal,
remote/rural, and island areas. Moreover, the developed cities in
eastern China present higher PBM concentrations than in western
China, indicating significant contributions of anthropogenic
emissions to PBM. PBM concentrations are higher in northern
China than in southern China for both monthly and seasonal
variations, indicating that, besides heating, other factors like
temperature, humidity, planetary boundary layer, and atmo-
spheric transmission significantly contribute to atmospheric
PBM. The long-term annual variation of PBM concentrations in
China shows an initial increase followed by a decrease, with a
significant decline observed since 2015. Based on PCA-MLR re-
sults, anthropogenic sources, atmospheric transport, and atmo-
spheric process contribute 56.2%, 14.9%, and 29.0%,
respectively, to the PBM content in China.

The range of Hg isotope fractionation of natural materials in the
environment is broad: 6202Hg > 8.44%o, A199Hg > 12.67%o,

(2)
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A20%Hg > 1.45%0. The 52°2Hg and A'°Hg isotope ratios of at-
mospheric Hg samples primarily coincide with those of solid
natural materials and vegetation. The results of the SEM exhibit
significant relationships (P < 0.01) between atmospheric Hg and
Hg raw materials (0.91) and vegetation (1.78), suggesting that
they contribute significantly to atmospheric Hg. Hg in the at-
mosphere and in water and fish have significant (P < 0.01) effects
on humans, and the regression coefficient between atmospheric
Hg and humans is higher, indicating that direct inhalation of Hg
from the atmosphere should be a concern. In addition, atmo-
spheric Hg deposition significantly impacts (P < 0.01) the Hg
isotope compositions of water and fish, and the deposited Hg
subsequently accumulates in sediments.

PBM in China mostly has negative §2°?Hg and near-zero A'*°Hg
values, overlapping with most Hg emission sources. The highest
A'9°Hg value of PBM is observed in remote/rural areas, followed
by islands, suburban, urban, and coastal areas. The A199Hg
/A% Hg ratio of PBM in China is 1.11 =+ 0.02, indicating that
atmospheric Hg primarily undergoes photoreduction reactions.
According to the linearized binary isotope mixing equation, the
estimated §2°2Hg and A'®°Hg values of anthropogenic sources
affecting PBM are —0.79% and 0.02%, respectively. We
employed the RMC model to predict the contribution of each
emission source to PBM. Coal is the most important contributor to
China’s atmospheric PBM, accounting for 38.42% of total emis-
sions, followed by Hg ore, mineral, and mineral waste (20.25%),
soil/dust (17.14%), lichen (12.80%), litter (5.58%), rock
(2.08%), moss (1.92%), and foliage/root (1.81%). It should be
noted that the contribution of soil/dust to PBM is underestimated
in previous studies as it ranges from 0.51% to 56.42%.

The EAM primarily influences PBM transport in eastern China.
The BTH region and its surrounding areas are crucial in studying
atmospheric Hg pollution, as it is not only a heavy Hg emission
area but also affects other areas by the EAM. Western China is
mainly affected by the Westerlies and the Indian monsoon. Dur-
ing atmospheric transport, PBM exhibits elevated A'*’Hg and
A20Hg values, generally triggered by photochemical redox pro-
cesses (Chen et al., 2012; Fu et al., 2019a; Qiu et al., 2021).
Combining Hg isotopes and PSCF has been used to invert atmo-
spheric Hg transport processes (Qin et al., 2023; Yu et al., 2022).
The A'®°Hg values for remote/rural and island PBM are mostly
positive, indicating the combined effects of regional anthropo-
genic emissions and long-range transport. However, regional
anthropogenic emissions have a greater influence on PBM in
other areas.

3

—

4

—

Overall, atmospheric PBM in China has significantly decreased after
2015 compared to the previous increasing trend, indicating the effective
implementation of the Minamata Convention on Mercury. However,
China’s PBM concentration remains higher than developed countries,
suggesting further space for reduction. Additionally, PBM can be
transported from key emission regions like the North China Plain to
other areas within China and even globally under the influence of
monsoons.

In the present study, China’s PBM observation sites are insufficient,
with most located in developed cities. Furthermore, there need to be
adequate long-term atmospheric Hg observation sites, which hinders the
accurate assessment of PBM concentration trends in China. Our research
reveals that with sufficient Hg isotopic data, the RMC model’s classifi-
cation ability for Hg sources will greatly improve, demonstrating the
feasibility of machine learning combined with Hg isotopic tracing and
highlighting the importance of further studying Hg isotopic composi-
tions of natural materials. Further research on the mechanisms behind
Hg isotope fractionation can offer valuable insights into determining the
geochemical cycle of Hg. For instance, Hg isotopes (A'°°Hg, A?°°Hg)
can indicate atmospheric PBM transport, but quantifying regional Hg
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transport using Hg isotopes remains challenging. It is advisable that
future research concentrates on both monitoring and modeling atmo-
spheric Hg patterns and fractionation to understand better Hg
geochemical circulation impacts on human health and the environment.
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