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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Δ199HgPBM together with 3D model is 
powerful tool to trace sources of PM2.5- 
Hg. 

• Sources and transport of PM2.5-Hg dur-
ing haze are complex for different 
seasons. 

• Biomass burning had an important 
contribution to PM2.5-Hg in Beijing in 
winter. 

• Δ200HgPBM may be caused by photore-
actions on the anthropogenic-emission 
particles.  
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A B S T R A C T   

Atmospheric mercury (Hg) pollution has become a serious problem in megacities. In this study, we applied Hg 
isotopes together with backward-trajectory receptor models to investigate the potential sources and transport of 
elevated PM2.5-Hg during two haze events in autumn (Oct. and Nov. in 2014) and winter (Jan. in 2015). Results 
showed that the sources and transport patterns of PM2.5-Hg during haze are complex for different seasons. In 
autumn, the dominant sources were local and/or regional anthropogenic emissions from northern China, 
whereas the long-range transport contribution of biomass burning originated from northeastern China in 2014 
and eastern China in 2015. Notably, the biomass burning from northeastern China served as an important 
contribution to elevated PM2.5-Hg in winter. Our data set also suggested that the Δ200HgPBM values may be due to 
heterogeneous photoreactions on the particles emitted by coal burning, smelting, and cement production, along 
with photooxidation from the upper troposphere, and could be used as a potential indicator of particle-bound 
mercury sources owing to its contribution to the exhibited variability. Hg isotopes, together with meteorolog-
ical models, could be employed to trace the sources of particle-bound Hg in the atmosphere. This study provides 
a new way to explore the potential sources of atmospheric particulate mercury and its vectors during haze 
evolution. 
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1. Introduction 

Atmospheric Hg exists primarily in three forms with different phys-
ical and chemical properties: gaseous elemental Hg (GEM), gaseous 
oxidized Hg (GOM), and particle-bound Hg (PBM) (Selin, 2009). GEM is 
the most abundant Hg species in the atmosphere, which accounts for 
approximately 90% of the total Hg. Since GEM is chemically stable, it 
can be transported long distances on a global scale. The residence time 
of GOM in the atmosphere is relatively short, and it is easily removed 
from the atmosphere by adsorption onto particles or dissolution in 
raindrops before deposition onto the earth’s surface. PBM is mainly 
composed of Hg2+ and also contains a small amount of Hg0. Because the 
residence time of PBM in the atmosphere is short, PBM can only be 
transported at regional or local scales, which can reflect the Hg pollution 
and short-term cycle of local emission sources (Selin, 2009; Subir et al., 
2012). PBM is considered to be contributed by multiple sources, and it 
will undergo complex transformation processes during transport in the 
atmosphere (Subir et al., 2012). PBM, especially fine-particle-bound Hg 
(e.g., PM2.5-Hg) may pose a direct threat to the health of humans 
through respiration in megacity areas (Cui et al., 2020; Liang et al., 
2019). Moreover, PBM may be converted into more toxic organic forms 
(e.g. MeHg) upon settling to the surface (especially the aqueous surface), 
endangering human beings and other organisms in the ecosystem 
(Maher et al., 2020). Therefore, potential sources of PBM should be 
studied to improve the understanding of atmospheric mercury cycle 
networks. 

The isotope approach could be used to trace Hg sources and trans-
formation in the atmosphere. Hg has seven isotopes, namely, 196Hg, 
198Hg, 199Hg, 200Hg, 201Hg, 202Hg, and 204Hg. The transport and trans-
formation of Hg under natural and anthropogenic conditions can induce 
three types of Hg isotopic fractionation, including the mass-dependent 
fractionation (MDF, including δ202Hg), the odd-mass-number mass-in-
dependent fractionation (odd-MIF, including Δ199Hg and Δ201Hg), and 
the even-mass-number mass-independent fractionation (even-MIF, 
including Δ200Hg and Δ204Hg) (Bergquist and Blum, 2007; Chen et al., 
2012; Gratz et al., 2010; Hintelmann and Lu, 2003; Sherman et al., 
2012). Although many physical and chemical processes lead to MDF 
(Bergquist and Blum, 2007; Estrade et al., 2009; Kritee et al., 2007; 
Janssen et al., 2016; Smith et al., 2015; Wiederhold et al., 2010), large 
values of odd-MIF occur only through photochemical reactions, 
including photoreduction (Bergquist and Blum, 2007; Rose et al., 2015; 
Sherman et al., 2010; Zheng and Hintelmann, 2009, 2010), photo-
demethylation (Bergquist and Blum, 2007), and photooxidation (Sun 
et al., 2016). Even-MIF primarily signifies wet deposition; in some 
studies, it is assumed to represent the contribution of Hg that is trans-
ported a long distance from the upper troposphere to the surface; 
however, the formation mechanism of even-MIF remains unclear (Cai 
and Chen, 2016; Chen et al., 2012). Moreover, according to previous 
studies, Δ199Hg has a wide variation in PBM samples. Relatively higher 
(up to 1.16‰) and lower (up to − 1.00‰) Δ199Hg might indicate the 
contributions of long-range transport and biomass burning, respectively 
(Carignan et al., 2009; Chen et al., 2012; Demers et al., 2013; Jiskra 
et al., 2015; Wang et al., 2015; Yin et al., 2013; Yuan et al., 2015). In 
addition, the Δ199Hg of PBM formed by anthropogenic emissions 
generally would be negative or close to zero (Sun et al., 2013, 2014). 
Therefore, Hg is a unique heavy metal with “three-dimensional” isotope 
systems, indicating that Hg isotopes could be used to identify the po-
tential sources of Hg pollution. 

China is the largest developing country in the world. Owing to its 
rapid economic development, China has become the largest energy 
consumer on the planet and suffers from serious atmospheric Hg 
pollution (especially in urban areas) (Fu et al., 2012; Teng et al., 2020; 
Zhang et al., 2015). Pacyna et al. (2006) suggested that burning fossil 

fuel is the largest single anthropogenic emission source of Hg in the 
atmosphere. In addition, industrial activities, including nonferrous 
metal smelting and cement production in China, also release large 
amounts of Hg into the atmosphere (Zhang et al., 2015). Duan et al. 
(2016) investigated the chemical species PBM in PM2.5 in Shanghai and 
found that the carbonaceous composition may affect the transformation 
of Hg in the atmosphere. Long-term continuous measurements of at-
mospheric Hg species were conducted by Hong et al. (2016), which 
revealed that atmospheric Hg pollution on hazy days was mainly caused 
by local emissions, with limited contribution from long-range transport. 

Other studies have also addressed the sources of aerosol PBM and the 
processes it undergoes in the megacity Beijing, which has both a large 
industrial system and large population and experiences serious air 
pollution issues throughout the year, especially in autumn and winter. 
Huang et al. (2016) first studied the sources and photoreaction of annual 
PM2.5-Hg collected in Beijing using Hg isotopes. By comparing the range 
of Δ199Hg between the source materials and PM2.5 samples, coal com-
bustion was found to be the dominant anthropogenic emission source in 
winter, whereas biomass burning contributed a significant fraction in 
autumn. However, Huang et al. (2019) suggested that photoreduction 
may modify the Hg isotope signatures of PBM and cause a diel variation 
of odd-MIF, such as Δ199HgPBM and Δ201HgPBM, in PM2.5 samples. This 
indicates a possible transformation of PBM when transported from 
emission source regions to sampling sites and renders source identifi-
cation more difficult. These results indicate the need for further sys-
tematic study to better identify the sources of PM2.5-Hg and the impact 
of the PBM transformation along the transmission path. On the basis of 
these previous findings, the goal of this study was to use Hg isotopes, 
along with backward-trajectory receptor models that have not yet been 
employed in this region, despite the useful information they could ul-
timately provide, to further identify the potential sources and source 
regions of PM2.5-Hg during haze periods which lasted for several days. 

2. Materials and methods 

2.1. Sampling location and sample collection 

The locations of the sampling sites are shown in Fig. 1. The PM2.5 
samples were collected during autumn and winter haze events in Beijing 
using a PM2.5 high-volume air sampler (Wuhan Tianhong Instrument 
Co., Ltd.), which collected particles at a flow rate of 1.05 m3 min− 1 

through a size-selective PM2.5 inlet on a pre-combusted (450 ◦C for 6 h) 
quartz fiber filter (Quartz Microfiber Filters, 203 mm × 254 mm, 25 
sheets, CAT No. 1851-865, Lot No. 9730862, UK). We collected samples 
from two haze periods in Beijing during the period of October 2014 to 
January 2015, with the weather of the sampling time listed in Table S1. 
The aerosol samples were placed in a freezer (− 4 ◦C) for storage. The 
collection duration of each aerosol sample was 12 h in this study. 

2.2. Hg concentration and isotope analysis 

In this study, aerosol samples were pretreated according to the 
method reported in Huang et al. (2015). The pyrolysis device consisted 
of two muffle furnaces—one could heat to as high as 900 ◦C (combustion 
furnace) while the other maintained a constant temperature of 900 ◦C 
(decomposition furnace). Each filter sample was placed in a short quartz 
tube, which was then placed inside a long quartz tube located in the 
pyrolysis device before the commencement of the pyrolysis process. The 
PBM attached to the filter would be transferred to the absorption solu-
tion (50% v/v HNO3; HCl = 2:1, 5 mL) through the purging of 
high-purity oxygen gas. After the pyrolysis process, the absorption so-
lution in the bubbler tube was diluted to 10 mL and transferred to a 
polyborosilicate glass bottle. The addition of 0.1% BrCl (v/v) was then 
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performed to prevent the loss of PBM during storage. Sample bottles 
were sealed with sealing film and saved at 4 ◦C for the measurement of 
Hg content and Hg stable isotopes. The Hg content of all aerosol samples 
was determined using a Tekran 2500 monitor (Model 2500 Cold Vapor 
Atomic Fluorescence Spectrophotometry detector, Tekran Instruments, 
USA) according to the EPA1631e method, with a precision generally 
better than 10%. Standards including GSS-5 (yellow red soil), Trace 
Metals–Loamy Sand 1, and GSD-11 (stream sediments) were used as 
certified reference materials in the measurement of Hg content and 
measured regularly for quality control. In terms of experimental blanks, 
we measured the Hg amount in each gold capture tube (a total of 11 
tubes) after the same procedures as sample determination (procedural 
blanks). Results showed that the average Hg amount of the procedural 
blanks was 1.15 ± 0.91 pg (mean ± 2 SD), which was not more than 
0.1‰ of the Hg amount in each PM2.5 sample. Moreover, the Hg amount 
of two quartz fiber filters which sampled 1 min during non-haze days 
was also measured (sampling blanks) to estimate the effect of sample 
matrix on Hg isotope determination. The average Hg amount of the 
sampling blanks was 0.39 ± 0.14 ng (mean ± 2 SD), which was not more 
than 4% of the Hg amount in each PM2.5 sample. After calculation, we 
concluded that the effect of sample matrix on Hg isotope determination 
can be negligible. The detailed calculation is shown in Table S3. 

In this study, five stable Hg isotopes (198Hg, 199Hg, 200Hg, 201Hg, and 
202Hg) were measured in the aerosol samples collected using an MC-ICP- 
MS (Neptune Plus, ThermoFisher, USA) at the State Key Laboratory of 
Environmental Geochemistry, Institute of Geochemistry, China. Previ-
ous studies provided details of the analytical procedures and instru-
mental parameter settings (Huang et al., 2015; Wang et al., 2015; Yuan 
et al., 2015). 

The mass-dependent fractionation (MDF) of Hg isotopes is reported 
in delta notation (δ) in units of per mil, referenced to the bracketed NIST 
3133 Hg standard, which is expressed as  

δxxxHg (‰) = ([(xxxHg/198Hg)sample/(xxxHg/198Hg)NIST3133] − 1) × 1000        

where xxx = 199, 200, 201, and 202. Any isotope composition that did 
not follow the theoretical MDF was considered to be an isotope anomaly 
caused by MIF. MIF values are indicated by “capital delta (Δ)” notation 

(in per mil) and are predicted from δ202Hg using the MDF law:  

ΔxxxHg = δxxxHg − βxxx × δ202Hg                                                          

where the mass-dependent scaling factor βxxx is 0.252 for 199Hg, 0.502 
for 200Hg, 0.752 for 201Hg, and 1.493 for 204Hg. 

For quality assurance and control, we used NIST SRM 3177 Hg as a 
secondary standard and performed multiple analyses during each sam-
ple analysis session. The ranges of the Hg isotopes of NIST SRM 3177 Hg 
led to average δ202Hg, Δ199Hg, Δ200Hg, and Δ201Hg values of − 0.56‰ ±
0.16‰, 0.01‰ ± 0.08‰, 0.02‰ ± 0.07‰, and − 0.02‰ ± 0.10‰, 
respectively (2 SD, n = 11). Because the reference material UM-Almaden 
was no longer being produced and the Hg isotopic compositions of UM- 
Almaden and NIST SRM 3177 Hg were strictly the same, we could 
compare the measurement data of NIST SRM 3177 Hg from this study 
with those from previous studies (Bergquist and Blum, 2007; Chen et al., 
2010; Huang et al., 2015, 2016, 2019). The values in this study were 
found to be consistent with those from previous results. Owing to the 
limited sample amount available, each sample was measured only once. 
Given this, we used the uncertainty of the Hg isotopes of NIST SRM 3177 
Hg to represent the uncertainty of the isotopic composition of the 
aerosol samples. 

2.3. Organic/elemental carbon (OC/EC), heavy metals and water-soluble 
K+ analysis 

According to previous studies, organic compounds had an important 
impact on adsorption of Hg species to particles (Archer and Blum, 2018). 
In this study, a punch of each filter was prepared to determine the 
contents of organic and elemental carbon through Multiwavelength 
Carbon Analyzer (DRI Model, 2015; Desert Research Institute, USA). 
Besides coal combustion, nonferrous metal production and cement 
production also were important anthropogenic emission sources in 
global scale (Table S6). In this study, the contents of eight heavy metals 
(Cd, Co, Cr, Cu, Mn, Ni, Pb, Zn) in the aerosol samples were measured 
using ICP-MS (NexION, 2000C, PerkinElmer, USA) to estimate the 
contributions of these emission sources. The measurement data are lis-
ted in Table S4. 

According to previous studies, biomass burning inputs large amounts 
of particulate matter into the troposphere and plays an important role in 
the severe haze pollution in China (Andreae, 2019; Cheng et al., 2013; 
Wang et al., 2020); meanwhile, the global PBM emission supply does not 
include biofuel production and combustion. Previous studies have found 
that water-soluble K+ is a good indicator of the contribution of biomass 
burning (Cheng et al., 2013; Dibb et al., 1996). For each PM2.5 sample, 
four punches of each filter were put into a colorimetric tube, added 
Milli-Q water (≥18 MΩ) to 10 mL. Through ultrasonic vibration for 30 
min, water-soluble ions on the filter were transferred to the colorimetric 
tube. Then, the liquid in the test tube was pumped into another clean 
colorimetric tube through pre-washed 0.22-μm filters. Ultrasonic vi-
bration and filtration steps were repeated again to ensure that 
water-soluble ions were completely removal from the filter. Finally, the 
colorimetric tube (20 mL) was shook well and the liquid was poured into 
the sample-injected tube of ion chromatography. In this study, the 
contents of water-soluble K+ in the aerosol samples were measured 
using ion chromatography (ICS-2100, ThermoFisher, USA). Each batch 
of test had at least two reagent blanks, two field blanks, and one re-
covery. The recovery rate of all recovered samples was between 90% 
and 110%. The typical analytical precision of the instrument was better 
than 10% relative standard deviation (RSD) for all ions (Chen et al., 
2016). The measurement data are listed in Table S5. 

2.4. Air-mass backward trajectory analysis 

In this study, TrajStat geographical-information-system-based soft-
ware and gridded meteorological data (Global Data Assimilation 

Fig. 1. Schematic diagram of sampling sites. The sampling site of this study 
was located at the Chinese Academy of Sciences University Yuquan Rd Campus, 
Beijing, China (represented by the hollow red pentagram). The sampling site in 
Huang et al. (2019) was located at the Institute of Atmospheric Physics, Chinese 
Academy of Sciences, Beijing, China (represented by the hollow black penta-
gram). The map was provided by ArcGIS. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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System, GDAS1) from the U.S. National Oceanic and Atmospheric 
Administration were used to calculate 120-h backward trajectories of air 
masses arriving at a height of 50 m above ground level at the sampling 
sites, which represented air masses within the haze boundary layer 
(Cheng et al., 2015; Fu et al., 2019). The duration time of the trajectories 
was selected to investigate the regional and long-range transport pat-
terns that may have influenced the PBM isotopic compositions. In this 
study, a method for investigating the link between atmospheric trans-
port patterns and PBM isotopic compositions was utilized to access the 
contributions of anthropogenic emission sources to PBM isotopic com-
positions through a combined analysis between backward trajectory 
receptor models and the Hg isotopic compositions of aerosol samples (Fu 
et al., 2019). The cumulative anthropogenic PBM emission (

∑
PBM 

emission) of each PBM sample was calculated by summing all the 
gridded emissions of the grids encountered by the air mass transported 
during the past five days based on the Arctic Monitoring and Assessment 
Programme (AMAP)/United Nations Environment Programme (UNEP) 
gridded PBM emission inventory of 2010 (AMAP/UNEP, 2013; Fu et al., 
2019). The fractional 

∑
PBM emission was defined as the percentage of 

∑
PBM emission over a selected geographic region (Figure S1) relative 

to the total 
∑

PBM emission. Due to the statistical incompleteness of 
anthropogenic emission data in areas aboard according to global Hg 
emission dataset, the “long-range transport” was used to represent the 
contribution of anthropogenic PBM emissions from areas aboard when 
we discussed the correlations between fractional ΣPBM emission of 
different regions and Δ199HgPBM. 

3. Results and discussion 

Previous studies usually regard a 75 μg/m3 of PM2.5 content as an 
important standard for identifying and partitioning haze events (Zheng 
et al., 2016; Yang et al., 2020). Therefore, in this study, we defined a 
sampling day with more than 75 μg/m3 in PM2.5 content as a hazy day. 
In addition, we gave a definition to a single haze event in a narrow sense, 
which was considered to be a period when the PM2.5 content from above 
75 μg/m3 to below 75 μg/m3. The contents of PBM and Hg isotope ratios 
are listed in Table S2. The ranges of Δ199Hg, Δ200Hg, and δ202Hg in our 
13 PM2.5 samples ranged from − 0.85‰ to 0.15‰, from 0.00‰ to 
0.08‰, and from − 1.30‰ to − 0.15‰, respectively. To make a 
comparative study, the Hg isotope data of Huang et al. (2019), which 
comprise 56 PM2.5 samples continuously collected in autumn (Sept. and 
Oct. of 2015) in Beijing, 17 of which collected during haze and 3 of 
which collected during non-haze were compiled for analysis (3 non-haze 
samples together with 8 haze samples consisted a single haze event due 
to the continuity of sampling time). The ranges of Δ199Hg, Δ200Hg, and 
δ202Hg in the 17 PM2.5 samples collected during haze were from 
− 0.53‰ to 0.69‰, − 0.02‰–0.14‰, and − 1.21‰ to 0.52‰, respec-
tively. By combining the data reported by Huang et al. (2019), we tried 
to identify the potential sources of elevated PBM in the haze period, 
along with determining the emission models. The total ΣPBM emission 
of each aerosol sample collected during the haze period could be 
calculated based on the grid data distribution of PBM anthropogenic 
emission sources (as shown in Fig. 2) combined with the backward 
trajectory of each sample; meanwhile, the fractional ΣPBM emission of 
each aerosol sample collected during the haze period was defined ac-
cording to different geographic regions. Moreover, emissions from 
various sectors used in the dataset (Table S6) were listed in the global Hg 
assessment report (UNEP, 2013). 

3.1. The impacts of multiple emission sources and photoreduction during 
transportation on Hg isotopes 

According to previous studies, The δ202Hg vs. Δ199Hg could be used 
to identify sources effectively (Chen et al., 2012, 2016). Fig. 3a shows 
the δ202Hg and Δ199Hg in PBM collected during haze in this study and 
Huang et al. (2019), which are compared with those in typical 

anthropogenic emission sources (Huang et al., 2016) and biomass 
(Jiskra et al., 2015; Yin et al., 2013; Carignan et al., 2009). It is found 
that the δ202Hg in PBM of all haze samples was within the range of 
typical anthropogenic emission sources, which may indicate the con-
tributions of typical anthropogenic emission sources including coal 
combustion, cement production, nonferrous metal smelting, and urban 
soil and dust. The strong anthropogenic contribution may be also 

Fig. 2. Grid data distribution of PBM anthropogenic emission sources in 
eastern Asia in 2010 calculated from the global Hg assessment report, in which 
the PBM anthropogenic emission sources did not include anthropogenic 
biomass burning (AMAP/UNEP, 2013; UNEP, 2013). Grid data distribution of 
the PBM anthropogenic emission sources in northern China was displayed on 
bottom right corner. The emissions from various sectors are listed in Table S6 
according to UNEP (2013). 

Fig. 3. (a) The δ202Hg vs. Δ199Hg in PBM collected during haze in this study 
and Huang et al. (2019), the uncertainty of each sample was expressed as 2 SD. 
The δ202Hg vs. Δ199Hg in typical anthropogenic emission sources (Huang et al., 
2016) and biomass (Jiskra et al., 2015; Yin et al., 2013; Carignan et al., 2009) is 
added for comparison. (b) The correlations between the contents of PBM and 
eight heavy metals in PM2.5 collected during haze in this study. (c) The Δ201Hg 
vs. Δ199Hg in PBM collected during haze in this study and Huang et al. (2019), 
the uncertainty of each sample was expressed as 2 SD. 
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supported by the relationships between Hg and other particulate com-
ponents in PM2.5. Fig. 3b shows the correlations between the contents of 
eight heavy metal elements and PBM content in 11 haze samples in this 
study, it is found that the contents of Cu, Ni, and Pb had a significant 
increase with a rise in PBM content. This may reflect the contributions of 
anthropogenic activities to elevated PM2.5-Hg during haze again. 
Moreover, the significant negative Δ199Hg in PBM of some haze samples, 
which could not be explained by anthropogenic emission sources, was 
within the range of biomass. Previous studies have reported that the 
burning process will not induce any MIF so that the signature of Δ199Hg 
in biomass could be conserved (Sun et al., 2014; Huang et al., 2015). 
This may mean that biomass burning also have a contribution to 
elevated PM2.5-Hg in these haze samples. As black carbon is one of the 
important products during biomass burning, here the distribution 
pattern of black carbon aerosol optical thickness (AOT) was used to 
identify the occurrence of biomass burning during haze (Figure S2). It 
was found that the black carbon AOT in northeastern China and eastern 
China had an obvious increase during haze, which may again indicate 
the possible contribution of biomass burning to PBM. However, the 
significant positive Δ199Hg in PBM of some haze samples was out of the 
ranges of typical anthropogenic emission sources and biomass. Since 
large extents of odd-MIF occur mainly through photochemical reactions, 
it may suggest the contribution from MIF during atmospheric processes. 

According to previous studies, the ratio of Δ199Hg/Δ201Hg could be 
used to indicate different photochemical reactions (Bergquist and Blum, 
2007; Sun et al., 2016). As shown in Fig. 3c, the ratios of Δ199Hg/Δ201Hg 
in PBM collected during haze in this study and Huang et al. (2019) were 
1.02 ± 0.11 (r = 0.96, p < 0.001) and 1.01 ± 0.08 (r = 0.96, p < 0.001), 
respectively, which were both close to the ratio of Δ199Hg/Δ201Hg 
observed in photoreduction of Hg2+ in aqueous system (Bergquist and 
Blum, 2007). These results may indicate that the signatures of odd-MIF 
in PBM would be mainly impacted by photoreduction which occurred 
during transportation. Therefore, the isotopic compositions of PBM 
collected during haze were considered to be jointly impacted by multi-
ple emission sources and photoreduction during transportation. 

3.2. The impacts of situ photoreactions on mercury isotopic compositions 
of PM2.5 samples during haze 

According to Table 1, the content of PBM and mercury isotopic 
compositions of two non-haze PM2.5 samples were compared with those 
of non-haze PM2.5 samples reported by Huang et al. (2019). It was found 
that the content of PBM and mercury isotopic compositions of two 
non-haze PM2.5 samples were within the range of those of non-haze 
PM2.5 samples reported by Huang et al. (2019), which may indicate 
that PM2.5-Hg collected in non-haze days had relatively similar sources. 
It was found that the odd-MIF of the two non-haze samples (GKD49 and 

GKD357) and non-haze samples reported by Huang et al. (2019) 
(Δ199Hg: 0.20‰ ± 0.64‰, Δ201Hg: 0.14‰ ± 0.54‰, mean ± 2 SD) was 
higher than the average value of that of PM2.5 samples collected in haze 
days (Δ199Hg: -0.34‰ ± 0.59‰, Δ201Hg: -0.44‰ ± 0.55‰, mean ± 2 
SD) in this study. According to previous studies, large positive values of 
odd-MIF occur mainly through photoreduction, which may indicate that 
PM2.5-Hg collected in haze days was unlikely to be affected by situ 
photoreduction due to decline of refraction of UV in planetary boundary 
layer (PBL) (Chylek and Zhan, 1990). Moreover, the variation range of 
Δ200HgPBM of PM2.5 samples collected in haze days (0.03‰ ± 0.04‰, 
mean ± 2 SD) in this study was less than that of PM2.5 samples collected 
in non-haze days (0.14‰ ± 0.54‰, mean ± 2 SD) reported by Huang 
et al. (2019). According to previous studies, positive Δ200Hg observed in 
precipitation samples (mainly Hg2+) may indicate the contribution of 
photooxidation in the upper troposphere, which may mean that 
PM2.5-Hg collected in haze days was unlikely to be contributed by ver-
tical transportation of PM2.5-Hg generated from photooxidation in upper 
atmosphere. Through analysis above, the impacts of situ photoreduction 
and photooxdiation on PM2.5-Hg both were relatively weak during haze. 

3.3. Potential sources of elevated PM2.5-Hg during the autumn haze 
period 

3.3.1. Autumn haze in 2014 
As shown in Fig. 4a, the total ΣPBM emission displayed similar and 

inverse variations with the contents of PBM and Δ199HgPBM, respec-
tively, during the autumn haze period (lasted for five days) in 2014, 
indicating that anthropogenic emission sources had contributed to the 
elevated PBM during this period. It was found that the contents of NO3

− , 
NH4

+, and Cl− had similar variations, which all contained a generally 
rise-decline trend in this haze period (Figure S3). Since these water- 
soluble ions may have connection with specific anthropogenic emis-
sion sources (Hu et al., 2014), the results may indicate the anthropo-
genic contribution during this period again. The correlation between 
fractional ΣPBM emission and Δ199HgPBM in the aerosol samples 
collected during the haze period is shown in Fig. 5, which shows that the 
fractional ΣPBM emission from northern China had significantly nega-
tive correlations with Δ199HgPBM in aerosol samples collected during 
this period (r = − 0.82, p = 0.02). This suggests that air masses with high 
exposure to the anthropogenic emission sources of northern China may 
be responsible for the negative shift in Δ199HgPBM. It was found that the 
transmission heights of PBM emitted by anthropogenic emission sources 
in northern China mostly ranged from 0 to 500 m in the autumn of 2014, 
indicating transport in the PBL (Figure S4). The transport duration times 
ranged from 0 to 48 h in this haze period (Figure S5). It was assumed 
that the PBM emitted by anthropogenic emission sources in northern 
China was unlikely to have been strongly impacted by photoreduction, 
since it was transported quickly in the PBL and lower free troposphere 
(Fu et al., 2019). This could cause the Δ199Hg of the PBM emitted by 
anthropogenic emission sources in northern China to be similar to that 
of the original anthropogenic emissions (i.e., negative or approximately 
zero) when transported to the sampling sites (Fu et al., 2019). According 
to Fig. 5a, the Δ199HgPBM of the aerosol samples collected during the 
2014 autumn haze period ranged from − 0.02% to − 0.37%, which was 
within the ranges of coal combustion, metal smelting, cement produc-
tion, road dust, and topsoil (Huang et al., 2016; Sun et al., 2013, 2014). 
It was discovered that the fractional ΣPBM emission from northern 
China also exhibited similar and inverse variations with the contents of 
PBM and Δ199HgPBM, respectively, during this haze period. This sug-
gested that coal combustion, metal smelting, cement production, road 
dust, and topsoil from northern China provided important contributions 
to the elevated PBM during this haze period. 

In this period, the fractional ΣPBM emissions of other regions of 
China basically remained constant during the early period and 
decreased significantly during the later period, a pattern which may 
indicate that the anthropogenic emission sources from other regions of 

Table 1 
This table is a comparison of the contents and isotopic compositions in PBM 
collected during haze and non-haze periods. The contents and isotopic compo-
sitions in PBM collected during haze periods were listed in this study, those of 
which collected during non-haze periods were listed in this study and Huang 
et al. (2019).  

Sample ID Hg con. δ202Hg Δ199Hg Δ201Hg Δ200Hg 

(pg/m3) (‰) (‰) (‰) (‰) 

GKD49 17.39 − 1.30 − 0.15 − 0.11 0.08 
GKD357 14.64 − 1.27 0.15 − 0.07 0.04 
Other PM2.5 samples 

in this studya 
37.96 ±
74.32 

− 0.67 
± 0.64 

− 0.34 ±
0.59 

− 0.44 ±
0.55 

0.03 ±
0.04 

Non-haze PM2.5 

samples reported 
by Huang et al. 
(2019) a 

15.15 ±
27.64 

− 0.58 
± 0.74 

0.20 ±
0.64 

0.14 ±
0.54 

0.14 ±
0.54  

a The variation ranges of PBM con. and mercury isotopic compositions of 
PM2.5 samples were expressed by mean ± 2 SD. 
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China contributed little to the elevated PBM during the haze period. 
According to Fig. 5, the fractional ΣPBM emissions from other regions of 
China exhibited no correlation with Δ199HgPBM during the autumn of 
2014 (r = 0.31, p = 0.50). For the aerosol samples collected in this haze 
period, the backward trajectories of the air masses could be divided into 
two directions, north and northwest. It was found that the north and 
northwest air masses mainly passed through northeastern Inner 
Mongolia and the northern Xinjiang region of China (Figure S6). 
Moreover, the transmission height and transport duration times of the 
PBM emitted by anthropogenic emission sources in northeastern Inner 
Mongolia ranged from 0 to 3 km and 96–120 h, respectively, while the 

corresponding values for northern Xinjiang were 3–4 km and 24–72 h, 
respectively (Figures S4 and S5). Thus, it was found that the transport 
duration times of the PBM emitted by anthropogenic emission sources in 
these two regions were different, which may have resulted in different 
transformation intensities of the PBM emitted by the anthropogenic 
emission sources in these regions due to photoreduction (Ariya et al., 
2015). The mixing of air masses containing the PBM emitted by 
anthropogenic emission sources in these regions may have led to a poor 
correlation between the fractional ΣPBM emissions of other regions of 
China and Δ199HgPBM during this haze period. 

In addition, it was found that the omission of biofuel production and 
combustion (anthropogenic biomass burning) in the global Hg assess-
ment report published by UNEP in 2013 was another explanation for the 
poor correlation between the fractional ΣPBM emissions from other 
regions of China and Δ199HgPBM in the 2014 haze period. A previous 
case study reported that strong contribution from biomass burning was 
one of the main sources of PBM in Beijing in autumn (Huang et al., 
2016). As is well known, fire maps can qualitatively indicate the in-
tensity of biomass burning in different regions. The air-mass backward 
trajectory of the aerosol samples collected during the haze period in the 
autumn of 2014 had apparently passed through the fire areas in other 
regions of China (mainly northeastern China); thus, it was possible that 
biomass burning had contributed to the PBM of the samples. Based on 
previous studies, K+ was considered to represent the contribution of 
biomass burning. As seen in Fig. 6, the contents of K+ and PBM exhibited 
a significantly positive correlation (r = 0.91, p < 0.01) in the aerosol 
samples collected during the haze period in the autumn of 2014, further 
demonstrating that biomass burning contributed to the sample PBM at 
that time. As seen in Fig. 4a, the K+ content was found to display similar 
and inverse variations with the PBM content and Δ199HgPBM, respec-
tively. According to the above analysis, biomass burning in other regions 
of China (mainly northeastern China) may have contributed to the PBM 
in the aerosol samples collected during the haze period in the autumn of 
2014, indicating that biomass burning in northeastern China contrib-
uted to the elevated PBM in this haze period. 

The fractional ΣPBM emissions of long-range transport exhibited 
similar and inverse variations with Δ199HgPBM and PBM content, 
respectively, during the autumn 2014 haze period. According to the 
transmission heights and transport duration times of the air-mass 
backward trajectories, the transmission heights and duration times of 
the anthropogenic emission sources from long-range transport ranged 
from 2 to 5 km and 48–120 h, respectively. Therefore, the PBM emitted 
by the long-range anthropogenic emission sources was transported 
through the middle-low free troposphere and experienced a relatively 
long transport duration time, resulting in a positive Δ199HgPBM shift due 
to the strong effect of photoreduction. The latest global PBM emission 
inventory reported the grid data of total anthropogenic emissions in 
2010 (published in 2013), whereas the sampling of the aerosol samples 
collected during the autumn haze in this study occurred in 2014. The 
amount of PBM emitted by anthropogenic emission sources of long- 

Fig. 4. (a) Variation of total and fractional ΣPBM emission, content of K+, 
Δ199HgPBM, and content of PBM in a haze case in autumn in 2014. (b) Variation 
of total and fractional ΣPBM emission, content of K+, Δ199HgPBM, and content of 
PBM in a haze case in winter in 2014. (c) Variation of total and fractional ΣPBM 
emission, Δ199HgPBM, and content of PBM in a haze case in autumn in 2015 
(Δ199HgPBM data was reported by Huang et al. (2019)). 

Fig. 5. (a) Correlation between the fractional ΣPBM emission of different re-
gions and Δ199HgPBM in Beijing in autumn in 2014. (b) Correlation between 
fractional ΣPBM emission of different regions and Δ199HgPBM in Beijing in 
autumn in 2015 (Δ199HgPBM data was reported by Huang et al. (2019)). The 
uncertainty of each sample was expressed as 2 SD. 
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range transport in 2014 (actual sampling time) was likely to be different 
than the amount in 2010, and this difference was likely a cause of the 
non-significant positive correlation between the fractional ΣPBM emis-
sions of long-range transport and Δ199HgPBM in the aerosol samples 
collected during the haze period in the autumn of 2014. 

It was shown that the fractional ΣPBM emissions from long-range 
transport displayed an inverse variation with PBM content, indicating 
the possibility that the anthropogenic emission sources of long-range 
transport contributed little to the elevated PBM during this haze 
period (even playing the role of haze “dilutor”). As shown in Fig. 3 and 
A3, the air-mass backward trajectories of the aerosol samples collected 
during this haze period mainly came from two directions, north and 
northwest, and the PBM emitted by the anthropogenic emission sources 
of the long-range transport was much less than that of China in these 
directions. Therefore, according to the calculation formula for fractional 
ΣPBM emission, the total ΣPBM emission was relatively low when the 
fractional ΣPBM emissions of long-range transport were high, indicating 
that the samples were relatively “clean,” i.e., the content of PBM in the 
samples was close to the background value. Hence, the increasing 
fractional ΣPBM emissions of long-range transport at the end of the haze 
period may indicate that the PBM content in the sampling sites 
“recovered” to the background value. According to Huang et al. (2016), 
the Δ199HgPBM of the background total suspended particle (TSP) sample 
collected from the Yanqing region was 0.18‰, which was higher than 
that of the PM2.5 samples collected simultaneously in the center of 
Beijing. In this study, the Δ199HgPBM of the PM2.5 sample collected at the 
end of the haze period (GKD49) was − 0.15‰, which was much lower 
than 0.18‰. This may indicate that the Δ199HgPBM of the baseline PM2.5 
in the center of Beijing was still lower than that of the long-range 
transport in adjacent rural regions, although it was higher than that of 
the PM2.5 samples collected during the haze period, indicating a likely 
anthropogenic impact. 

In general, anthropogenic emission sources from northern China and 
biomass burning in northeastern China jointly contributed to the 
elevated PBM in the autumn 2014 haze period. According to Fig. 7, there 
was a significantly negative correlation between δ202HgPBM and PBM− 1 

during this haze period, indicating that PBM was mainly controlled by 
two end members in this period (Estrade et al., 2011). According to the 
analysis above, this was interpreted to suggest that the mixture of coal 
combustion, metal smelting, cement production, road dust, and topsoil 
and other anthropogenic emission sources from northern China and 
biomass burning in northeastern China represented the polluted end 
member, whereas the atmospheric background PBM represented the 

clean end member. 

3.3.2. Autumn haze in 2015 
As can be seen in Fig. 4c, total ΣPBM emission exhibited similar 

variation with the PBM content during the early and later stages of the 
autumn 2015 haze period (lasted for six days), which may indicate the 
likelihood that anthropogenic emission sources had contributed to the 
elevated PBM at those times. Moreover, total ΣPBM emission exhibited 
inverse variation with Δ199HgPBM just during the early stage of this haze 
period. Given the signature of Δ199Hg in PBM emitted by anthropogenic 
emission sources (negative or close to zero), it may mean that there had 
other emission sources contributed to the elevated PBM in this haze 
period besides anthropogenic emissions. As shown in Fig. 5, the frac-
tional ΣPBM emission from northern China had significantly negative 
correlations with Δ199HgPBM in aerosol samples collected during this 
haze period (r = − 0.60, p = 0.01). It was found that the transmission 
heights of PBM emitted by anthropogenic emission sources in northern 
China ranged from 0 to 3 km (mostly > 500 m) in the autumn of 2015 
(Figure S4), indicating primarily transport at a height between the PBL 
and lower free troposphere. The transport duration times ranged from 
0 to 48 h in this haze period (Figure S5). Since the correlation between 
fractional ΣPBM emission from northern China and Δ199HgPBM of the 
autumn haze in 2015 was weaker than that of the autumn haze in 2014, 
and the range of Δ199HgPBM in the aerosol samples collected during the 
haze period in 2015 (− 0.53‰–0.69‰, 1 SD = 0.34‰) was larger than 
that in 2014 (− 0.37‰ to − 0.02‰, 1 SD = 0.12‰), it was speculated that 
there were other sources besides the sources mentioned in the analysis of 
the 2014 autumn haze and/or pathways (e.g., photoreduction) 
contributing to the elevated PBM during this haze period (Huang et al., 
2019). Moreover, the transport height of air masses emitted by emission 
sources in northern China during the autumn haze in 2014 was mostly 
less than 500 m, whereas that in 2015 was mostly higher than 500 m. 
Considering the effect of photoreduction on Δ199HgPBM, this may indi-
cate that PBM was more susceptible to photoreduction when transported 
at a height over 500 m. 

Since the air-mass backward trajectories of aerosol samples collected 
during the haze period in the autumn of 2015 passed through fire areas 
in other regions of China (mainly eastern China), based on the analysis 
above, the omission of anthropogenic biomass burning (see the global 
Hg assessment report published by UNEP in 2013) might also account 
for the non-significant positive correlation between the fractional ΣPBM 
emissions from other regions of China and Δ199HgPBM in the aerosol 
samples collected during the haze period in the autumn of 2015 (r =
0.39, p = 0.12). Generally, natural vegetation materials have slightly 
negative Δ199Hg (Blum et al., 2014). 

The fractional ΣPBM emissions of long-range transport exhibited no 
correlation with Δ199HgPBM in aerosol samples collected during the haze 
period in the autumn of 2015 (r = 0.30, p = 0.24). The fractional ΣPBM 

Fig. 6. Correlation between the content of K+ and PBM in the aerosol samples 
collected during the 2014 autumn haze period in Beijing. 

Fig. 7. (a) Correlation between δ202HgPBM and PBM− 1 during the haze period 
in Beijing in autumn and winter (δ202HgPBM data in the autumn of 2015 was 
reported by Huang et al., 2019). (b) Correlation between Δ199HgPBM and 
PBM− 1 during the haze period in Beijing in autumn and winter (Δ199HgPBM data 
in the autumn of 2015 was reported by Huang et al., 2019). The uncertainty of 
each sample was expressed as 2 SD. 
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emissions of long-range transport in all the aerosol samples, except one 
collected during the 2015 autumn haze, were found to be < 0.2, indi-
cating the small contribution of anthropogenic emission sources in the 
long-range transport to the PBM sample. According to the analysis 
above, the omission of anthropogenic biomass burning in the global Hg 
assessment report published by UNEP in 2013 might also account for the 
poor correlation between the fractional ΣPBM emissions of the long- 
range transport and Δ199HgPBM in the aerosol samples collected during 
the 2015 autumn haze. 

The total ΣPBM emission maintained a low level during the inter-
mediate stage of the haze period, indicating that there were contribu-
tions from other sources to the elevated PBM during this stage. Based on 
the analysis above, it was speculated that biomass burning may be one of 
the sources that contributed to the elevated PBM during the interme-
diate stage of this haze period. Huang et al. (2016) already identified the 
clear contribution of biomass burning to the autumn PBM in Beijing, 
based on a large data set of Hg isotopes and other geochemical param-
eters. Therefore, the biomass burning in eastern China may have 
contributed to the elevated PBM during this haze period, although this 
contribution could not be evaluated more accurately owing to a lack of 
water-soluble K+ data (Figure S6). 

In general, anthropogenic emission sources from northern China and 
biomass burning in eastern China contributed to the elevated PBM 
during the autumn 2015 haze period. As seen in Fig. 7, there was no 
significant correlation between δ202HgPBM and PBM− 1 in the aerosol 
samples collected during this haze period, revealing that emission 
sources contributed to the elevated PBM during this haze period other 
than these sources. According to the analysis regarding the autumn 2014 
and 2015 haze period, biomass burning (mainly anthropogenic) also 
played an important role in the elevated PBM in autumn haze in Beijing 
in addition to traditional anthropogenic emission sources (e.g., coal 
combustion, metal smelting, cement production, road dust, and topsoil). 

3.4. Potential sources of elevated PM2.5-Hg during haze in winter 

According to Fig. 4b, the total ΣPBM emission continued to decrease, 
while the contents of PBM in the aerosol samples exhibited a distinct 
increase during the haze period (lasted for three days) in the winter of 
2014, possibly suggesting that anthropogenic emission sources pub-
lished in the assessment report did not have a dominant contribution to 
the elevated PBM in this haze period. It should be pointed out that there 
need more samples to demonstrate the perspective above based on the 
limited amounts of samples in this study. According to variations of 
other water-soluble ions in this haze period (Figure S3), it was found 
that water-soluble NO3

− , SO4
2− , NH4

+, and Cl− had similar variation trends 
in the winter haze in 2014, which showed a distinct decline after this 
haze period. According to previous studies, urban atmospheric sulfate is 
usually considered as an indicator of stationary emission sources since it 
is mainly converted by SO2 emitted from industrial fossil fuel combus-
tion; while the formation of urban atmospheric NO3

− was related to 
vehicle emissions. In addition, the formation of these water-soluble ions 
was suggested to be connected with secondary aerosol reactions in the 
atmosphere (Yan et al., 2015; Zhang et al., 2016, 2018). Therefore, it 
may indicate that these emission sources above had contribution to 
elevated PBM in this haze period. According to previous studies, the 
negative values of Δ199HgPBM < − 0.75‰ were unlikely to have origi-
nated from sources other than biomass burning during this haze period, 
as most anthropogenic emissions would be characterized by a Δ199Hg 
close to zero. Moreover, the K+ content displayed similar and inverse 
variations with the contents of PBM and Δ199HgPBM, respectively, indi-
cating that biomass burning contributed to the elevated PBM in this haze 
period (Carignan et al., 2009). During the later stage of the winter 2014 
haze period, both the K+ and PBM contents decreased significantly, 
although the fractional ΣPBM emission of northern China appeared to 
increase slightly, indicating that the reduction in biomass burning was 
the main reason for the termination of this haze period. This analysis 

may indicate that biomass burning played an important role in the 
elevated PBM, particularly at the early stage of this haze period. It was 
found that the fire areas that the air-mass backward trajectories passed 
through were located primarily in northeastern China (Figure S7), 
indicating that the biomass burning that contributed to the elevated 
PBM during this haze period may have come primarily from north-
eastern China. 

In general, biomass burning in northeastern China was one of the 
dominant sources of the elevated PBM during the haze period in the 
winter of 2014. As shown in Fig. 7, there was a significantly negative 
correlation between δ202HgPBM and PBM− 1 in the aerosol samples from 
this haze period, indicating that the aerosol samples in this period were 
mainly controlled by two end members (Chen et al., 2012; Estrade et al., 
2011). Based on the above analysis, it was concluded that the biomass 
burning in northeastern China would be an important contributing 
source, as indicated by our data set and air-mass trajectory analysis; 
meanwhile, the long-range transport from other regions of China, which 
is generally characterized by higher Δ199Hg, serves as an additional 
source as the atmospheric background end member. 

3.5. Characteristics of Δ200HgPBM and their implications for source 
identification 

According to previous studies, significant differences exist between 
the Δ200Hg in precipitation and vapor phase, e.g., the Δ200Hg of pre-
cipitation samples is positive, whereas that of the vapor-phase samples is 
either negative or approximately zero (Chen et al., 2012; Demers et al., 
2013; Gratz et al., 2010; Wang et al., 2015). Chen et al. (2012) reported 
the significant positive Δ200Hg (up to 1.24‰) in precipitation samples 
collected in Peterborough, ON, Canada. It was found that whatever the 
movements of air masses in near surface layers, all cold samples with a 
significant positive Δ200Hg displayed a downward transport of air mass 
from more than 6000 m AGL in the arctic region to the near surface layer 
(500 m AGL), while moving southward to Peterborough. Since the 
troposphere was shallower near the North Pole (i.e. 6000 m) (Holton 
et al., 1995; James et al., 2003; Stohl et al., 2003), this may suggest that 
the significant positive Δ200Hg in Hg2+ in precipitation samples is trig-
gered by processes occurred during the invasion of air mass from 
stratosphere to troposphere. In addition, the Δ200Hg of the precipitation 
samples gradually increases with elevated latitude (Wang et al., 2015), 
given the research results in Chen et al. (2012), this phenomenon could 
be explained that the invasion of air mass from stratosphere to tropo-
sphere would become more difficult as the troposphere was deeper in 
the subtropical regions. It may indicate that the process that triggers the 
generation of Δ200Hg is more likely to occur in the upper troposphere. 
Moreover, previous studies have established a conceptual model for the 
generation of Δ200Hg in the precipitation samples (Cai and Chen, 2016; 
Chen et al., 2012). According to previous studies, PBM samples and 
water vapor samples exhibited similar differences in Δ200Hg, indicating 
that the conceptual model may also apply to the PBM samples (Rolison 
et al., 2013). Therefore, Δ200HgPBM was considered to be an indicator of 
the transport of PBM from the upper troposphere to the surface, if, in 
fact, the conceptual model proposed by Chen et al. (2012) is valid. 

If Δ200HgPBM only indicated the contribution of PBM generated by 
photo-initiated oxidation on aerosols or solid surfaces in the upper 
troposphere, it would have no correlation with the anthropogenic 
emissions. As seen in Fig. 8, although there was no correlation between 
Δ200HgPBM and fractional ΣPBM emissions of different regions during 
the haze periods in the autumn and winter of 2014, there were signifi-
cant correlations (p < 0.05) between Δ200HgPBM and the fractional 
ΣPBM emissions of different regions during the haze period in the 
autumn of 2015, indicating that the Δ200HgPBM found in these samples 
would be somehow related to anthropogenic emissions, although the 
mechanism is unclear. In addition, the proportions of the frequencies of 
various height ranges of air-mass backward trajectories were calculated 
for the three haze periods. As seen in Fig. 9, there had uncorrelated 
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variation between Δ200HgPBM and the proportions of height range fre-
quencies (>5 km) of air-mass backward trajectories during the 2014 
autumn haze period, whereas an inverse variation existed between them 
during the other two haze periods, possibly revealing that Δ200HgPBM 
may have other contributors, in addition to the PBM transported from 
the upper troposphere. Therefore, it was suggested that PBM partially 
generated by photo-initiated oxidation on aerosols (e.g. the surface layer 
of frozen water droplets) and/or solid surfaces (e.g. snow crystals, new- 
formed compounds of Hg) in the upper troposphere (Chen et al., 2012) 
and that emitted by anthropogenic emission sources might both 
contribute to Δ200HgPBM. Au Yang et al. (2019) demonstrated that het-
erogeneous photoreactions on mineral dust would be another oxidation 
pathway to induce Δ33S. Our observation suggests such an additional 
Hg0 oxidation process in the presence of aerosols, triggering Δ200Hg in 
the product Hg species; however, the exact mechanisms need to be 
deeply investigated. The emissions from various sectors are listed in 
Table S6, which shows that artisanal and small-scale gold mining (37%), 
coal burning (24%), primary production of nonferrous metals (Cu, Pb, 
Zn) (10%), and cement production (9%) generally comprised the largest 
proportions of anthropogenic emissions to global atmospheric PBM. It 
was found that the variation trend of Cu and Pb was similar to that of 
PBM in the autumn haze period in 2014, while the contents of Cu, Pb, 
and PBM all had a distinct decline after the winter haze period in 2014 
(Figure S8), which may further confirm the contributions of primary 
production of nonferrous metals and cement production. Because there 
was not a considerable number of gold mines around Beijing, the 
contribution of artisanal and small-scale gold mining to elevated PBM 
during the haze periods in Beijing would be limited. Therefore, coal 
burning, primary production of nonferrous metals (Cu, Pb, Zn), and 
cement production are more likely to be the anthropogenic emission 
sources that contribute to the Δ200HgPBM of PBM. Given the above 
analysis, the indication function of Δ200HgPBM should be explored in 
future research, since only three haze periods were investigated in this 
study and more samples are needed to demonstrate the accuracy of this 
speculation. 

4. Conclusions 

In this study, the potential sources and source regions of PBM during 
haze periods were identified using Hg isotopes combined with air-mass 
trajectory analysis. The Δ199HgPBM was found to be a good tracer for 
identifying the potential sources and transport of PBM, although it is 
adversely affected by uncertainties. It is speculated that the indication 
function of Δ199HgPBM would be more distinct if the accuracy of the 
anthropogenic emission inventory were improved (especially through 
the addition of the anthropogenic biomass burning sector). In addition, 
anthropogenic emission sources, including coal combustion, metal 
smelting, cement production, road dust, and topsoil from northern 
China and biomass burning (especially in northeastern China), were 
found to considerably contribute to elevated PBM during the haze pe-
riods. Based on previous studies, Δ200HgPBM was considered to be a good 
tracer for PBM generated by photo-initiated oxidation on aerosols or 
solid surfaces in the upper troposphere; meanwhile, anthropogenic 
emission sources, which include coal burning, primary production of 
nonferrous metals (Cu, Pb, Zn), and cement production, may also have 
contributed to the Δ200HgPBM in this study through heterogeneous 
photoreactions on these emitted particles. These results show that the 
indication function of Δ200HgPBM requires additional research to 
confirm its validity. 
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Fig. 8. (a) Correlation between fractional ΣPBM 
emission of different regions and Δ200HgPBM in the 
haze period in the autumn of 2014. (b) Correlation 
between fractional ΣPBM emission of different re-
gions and Δ200HgPBM in the haze period in the winter 
of 2014. (c) Correlation between fractional ΣPBM 
emission of different regions and Δ200HgPBM in the 
haze period in the autumn of 2015 (Δ200HgPBM data 
in the autumn of 2015 was reported by Huang et al. 
(2019)). The uncertainty of each sample was 
expressed as 2 SD.   

Fig. 9. (a) Variation of frequency of height ranges of air-mass backward trajectory and Δ200HgPBM in the haze period in the autumn of 2014. (b) Variation of 
frequency of height ranges of air-mass backward trajectory and Δ200HgPBM in the haze period in the winter of 2014. (c) Variation of frequency of height ranges of air- 
mass backward trajectory and Δ200HgPBM in the haze period in the autumn of 2015. (Δ200HgPBM data in the autumn of 2015 was reported by Huang et al. (2019)). 
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