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ABSTRACT: Isotopic composition of atmospheric particulate
bound mercury (PBM) was obtained at four remote sites in
different geographical regions of China for three to 12 month
periods. Mean (±1σ) Δ199HgPBM was the highest at the site in
southwestern China (0.66 ± 0.32‰), followed by the site in
northeastern China (0.36 ± 0.34‰), the site in the marine
boundary layer of East China Sea (0.35 ± 0.33‰), and was the
lowest at the site in northwestern China (0.27 ± 0.22‰).
Δ199HgPBM was relatively higher in cold than warm season at the
sites in northwestern and southwestern China, whereas the
opposite was found at the site in northeastern China. We propose
that the seasonal variations of Δ199HgPBM were influenced by the
exposure of air masses to regional (e.g., anthropogenic and dust
related) and long-range (e.g., anthropogenic and oceanic) sources
in the preceding several days, with the former characterized by lower Δ199HgPBM and the latter characterized by more positive
Δ199HgPBM due to sufficient atmospheric transformations. Modeling results from Potential Source Contribution Function
suggested that domestic anthropogenic emission was the major contributor to PBM pollution at the sites in northeastern and
eastern China, whereas long-range transboundary transport of PBM from South Asia played a more important role at the sites in
southwestern and northwestern China.

1. INTRODUCTION

Mercury (Hg) stable isotope analysis is a useful tool in
identifying Hg sources and transformation mechanisms. Hg
has seven stable isotopes (Hg196, Hg198, Hg199, Hg200, Hg201,
Hg202, and Hg204). Significant advances have been made in
measuring Hg isotopes in the natural environments during the
past decade.1,2 Mass-dependent fractionation (MDF) and
mass-independent fraction (MIF) of Hg isotopes were
observed in geogenic and biological materials.1 MDF of Hg
isotopes could be induced by many natural processes including
reduction/oxidation, methylation/demethylation, sorption,
evaporation, and volatilization,3−11 whereas significant MIF
of Hg isotopes are mainly triggered by photochemical
reactions.3,6,12,13

Gaseous elemental mercury (GEM), particulate bound
mercury (PBM), and gaseous oxidized mercury (GOM) are
the three operationally defined forms of Hg in the atmosphere.
Recently, measurements of total gaseous mercury (TGM =
GEM + GOM) or GEM isotopic compositions were

conducted in United States, Europe, and East Asia.5,14−21

These studies observed distinguishable MDF (δ202Hg) and
MIF (Δ199Hg and Δ201Hg) signatures of TGM or GEM
between background atmospheric pool and anthropogenic
sources, providing a useful clue to identify the sources and
atmospheric transformations of Hg.14,16,17

PBM in the atmosphere could be derived from direct
anthropogenic sources or produced via atmospheric trans-
formations, and depleted by photoreduction or deposition.
Modeling studies assumed atmospheric transformations
between PBM and other Hg species in the atmosphere to be
the dominant factor influencing atmospheric PBM.22−24 The
atmospheric transformations may induce visible MIF and MDF
of Hg isotopes in PBM,1 leading to distinguishable isotopic
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signatures between background atmospheric pool and direct
anthropogenic emissions. However, the influence of atmos-
pheric transformations on PBM isotopic composition has not
been investigated. In addition, transformations between PBM
and other atmospheric Hg species depend on environmental
variables (e.g., photoreduction, air temperature, and atmos-
pheric oxidants), and probably show strong seasonal
variations.22,23 Existing studies on PBM isotopic compositions
were conducted at urban sites which were mainly impacted by
direct anthropogenic emissions,19,25,26 or at a semirural site
during a very short sampling period (<1 month).27 To date, no
studies have been conducted at background sites and for long
enough periods (e.g., covering multiple seasons), limiting our
understanding of the temporal and spatial patterns of PBM
isotopic compositions and associated controlling factors (e.g.,
sources and transformations). Such knowledge gaps in PBM
isotope composition and fractionation hamper its applications
in tracing the cycling of Hg in the atmosphere and many other
research areas.
Although only accounting for a small fraction of total Hg in

the atmosphere,28 PBM plays an important role in the global
Hg cycling.22,24 PBM concentrations in East Asia are highly
elevated compared to other regions worldwide.28 To date,
however, the sources and atmospheric processes affecting PBM
in these regions have not been well constrained. In this study,
measurements of PBM isotopic composition were conducted
at four remote sites in different geographical regions of China
for three to 12 month periods. The major objective of the
study was to investigate the temporal and spatial variations in
PBM isotopic compositions and associated controlling factors
and sources. The PBM isotopic compositions data were further
combined with receptor-based model analysis to identify the
effects of domestic anthropogenic emissions and trans-
boundary transport on atmospheric PBM pollutions in China.

2. METHODS

2.1. Site Description. Four remote sites from different
geographical regions of China were selected for measuring
isotopic compositions of PBM (Figure 1 and Supporting
Information, SI, Text S1). Briefly, these include two high-
altitude sites [Mt. Waliguan Observatory (MWLG) and Mt.
Ailao (MAL)], one forested site (Mt. Changbai (MCB)), and
one marine boundary layer (MBL) site (Huaniao Island
(HNI)). There are no point emission sources around the
stations. Prevailing wind direction at MWLG, MCB, MAL, and
HNI are from the west and northeast, southwest, southwest,
and northwest, respectively. The upwind major anthropogenic
PBM source regions for the prevailing wind directions of
MWLG, MCB, MAL, and HNI are located approximately 65,
50, 500, and 70 km away from the corresponding sampling
sites, respectively (Figure 1).

2.2. Collection, Preconcentration, and Concentration
Analysis of Atmospheric PBM. Atmospheric PBM samples
were collected onto preheated (500 °C for 6 h) quartz filters
(Millipore AQFA 8 × 105, 8 × 10 in. at MWLG, MCB, and
HNI and 5 × 8 in. at MAL) using high-volume PM2.5 samplers
(Shanghai Xintuo Analytical Instruments company) from
October 2014 to July 2015 at MWLG, from September 2013
to July 2014 at MCB, from May 2014 to May 2015 at MAL,
and from October 2014 to December 2014 at HNI (Table S1).
The sampling durations of PBM at MWLG, MCB, and HNI
were 96 h, 48−72 h, and 48 h, respectively, at a volumetric
flow rate of 1.0 m3 min−1. The sampling duration of PBM at
MAL was 168 h at a volumetric flow rate of 0.3 m3 min−1.The
sampling duration and flow rate were used to collect sufficient
atmospheric PBM for isotopic analysis. After field sampling,
each quartz filter was folded lengthwise, wrapped with a
preheated aluminum foil, sealed with three successive poly-

Figure 1. Locations of the four sampling sites in this study, distributions of desert in northwestern China,56 and gridded anthropogenic PBM
emissions in East Asia.38 The four sampling sites are located in four different geographical regions of China: MWLG in northwestern China
(indicated by brown-gray shape), MCB in northeastern China (red-gray shape), MAL in southwestern China (purple-gray shape), and HNI in
marine boundary layer of Each China Sea which is close to Eastern China (blue-gray shape).
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ethylene bags and preserved in the refrigerator at a
temperature of −18 °C until preconcentration.
PBM collected on quartz filter was preconcentrated into 5−

10 mL of 40% mixed acid solution (v/v, 2HNO3/1HCl) using
a double-stage combustion protocol for Hg isotope analysis as
described earlier.29 Combustion of certified reference material
BCR 482 (Lichen, from European Community Bureau of
Reference (BCR)) showed a mean recovery of 93.4 ± 2.0%
(1σ, n = 8).
Hg concentrations in trapping solution were determined

using a cold vapor atomic fluorescence spectroscopy (CVAFS),
which were further used to calculate the total mass of PBM
collected by quartz filters. Atmospheric PBM concentration of
each sample was calculated by dividing the total mass of PBM
by the total sampling air volume (recorded by high-volume
PM2.5 samplers). A previous study suggested that the effect of
sampling duration on the accuracy of PBM concentration
measurement was small in the marine atmosphere.30 During
the sampling of PBM isotope, PBM concentrations were
measured simultaneously using the Tekran 2537/1130/1135
system at 1-h resolution at MCB, MAL, and HNI, but not at
MWLG. No significant differences in PBM concentrations
were observed at MAL or HNI between the two methods
(paired sample t test, p > 0.05 for both, Table S1). At MCB,
mean PBM concentration measured by filters was 20% higher
than that measured by the Tekran system (Table S1). The
differences in PBM concentrations were possibly caused by
adsorption of GOM to filters, loss of Hg due to physical and
chemical reactions under dark conditions, or biased low PBM
concentrations measured by the Tekran system due to the
biased integration of small Hg loads.30−32 Sampling artifacts of
PBM may have a potential to induce measurable shifts in MDF
of PBM isotopes but insignificant shift of MIF of PBM isotopes
because significant MIF mainly occurs through photochemical
reactions.1

To ensure clean operation, polyethylene gloves and Teflon
tweezers were used throughout the field sampling and
laboratory preconcentration. Full procedural blanks of the
filed sampling and preconcentration were investigated by
combustion of preheated quartz filters. The average procedural
blank was 0.04 ± 0.02 ng mL−1 (1σ, n = 7), which accounted
for 0.2−6.9% (mean = 1.6 ± 1.3%, 1σ) of Hg concentrations in
trap solutions.
2.3. PBM Isotope Analysis. PBM isotope ratios were

measured by Nu-Plasma MC-ICPMS (Nu instruments, U.K.)
following the methods described in previous studies.18,33

Isotopic composition of PBM is reported in delta notation (δ)
in per mil (‰) referenced to the bracketed NIST 3133 Hg
standard:34

δ = − ×

i
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(1)

where xxx refers to the mass of each mercury isotope between
199 and 204. MIF values are expressed by “capital delta (Δ)”
notation (‰) and calculated using the equations suggested by
Blum and Bergquist:34

δ δΔ = − ×Hg(‰) Hg (0.252 Hg)199 199 202
(2)

δ δΔ = − ×Hg(‰) Hg (0.502 Hg)200 200 202
(3)

δ δΔ = − ×Hg(‰) Hg (0.752 Hg)201 201 202
(4)

δ δΔ = − ×Hg(‰) Hg (1.493 Hg)204 204 202
(5)

Isotopic compositions of standard references UM-Almadeń
(a secondary standard solution made from metallic Hg mined
from Almadeń, Spain),34 NIST 3177 (Mercuric Chloride
Standard Solution from National Institute of Standards and
Technology (NIST), U.S.A.), and BCR 482 were analyzed
repeatedly over different analytical sessions to obtain the
analytical uncertainty of isotopic analysis. Overall, measured
Hg isotopic compositions of UM-Almadeń standard, NIST
3177, and BCR 482 were comparable with previously reported
values (Table S2)6,34,35 The 2σ values on procedural BCR 482
were larger than those of UM-Almadeń standard and NIST
3177 (Table S2), similar to what was found in a previous
study.35 The combustion protocol might bring small but
detectable analytical uncertainties into the Hg isotopic
measurements in this study due to the fractionation of Hg
isotopes during combustion and trapping processes given the
incomplete and slightly variable extractions of Hg from BCR
482, which might partially explains the higher 2σ value on
procedural BCR 482. Analytical uncertainty on Hg isotopic
composition in PBM samples was influenced by field sampling,
preconcentration process, and instrumental procedures. We
unfortunately were not able to measure the analytical
uncertainty associated with field sampling. The analytical
uncertainty on isotopic composition of BCR 482 was
associated with both preconcentration process and instrumen-
tal procedures, which is more representative of the true
analytical uncertainty of PBM isotopic compositions in this
study. Hence, the analytical uncertainty (2σ) of MC-ICPMS
isotope analysis reported in this study is the larger 2σ values of
either the procedural BCR 482 or the repeated analysis of the
sample over different analytical sessions.

2.4. Backward Trajectories of Air Mass and Identi-
fication of Potential Source Regions. 120-h backward
trajectories of air mass arrived at 300 m height above ground
level (a.g.l.), representative of air masses within the boundary
layer,36 at the four sampling sites were calculated every 4 h
using the TrajStat Geographical Information System based
software and gridded meteorological data (Global Data
Assimilation System, GDAS1) from the U.S. National Oceanic
and Atmospheric Administration (NOAA).37 The duration of
trajectories was selected to investigate the regional and long-
range transport patterns that may have influenced PBM
isotopic compositions. To investigate the linkage between
atmospheric transport patterns and PBM isotopic composi-
tions, the cumulative anthropogenic PBM emission (∑PBM
emission) of each PBM sample was calculated from summing
all the gridded emission of the grids encountered by the air
mass transported during the preceding 5 days based on the
AMAP/UNEP gridded PBM emission inventory in 2010.38

The ∑PBM emission of each sample was further scaled by
different geographic regions to determine the fractional
∑PBM emission over the corresponding geographic regions
(i.e., the percentage of ∑PBM emission over a selected
geographic region relative to the total of ∑PBM emission).
Fractional air mass residence time (ARTs) over ocean and dust
regions (i.e., the percentages of ARTs over ocean and dust
regions relative to the total of ARTs) were also calculated for
each sample regardless of trajectory height, assuming that the
effects of these sources on PBM are not limited to the
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atmospheric boundary layer.39 These pieces of information
allowed us to evaluate whether air masses passing over
anthropogenic source regions, oceans, and dust regions
influenced PBM isotopic compositions.
Potential source regions of PBM at the sampling sites were

simulated using a Potential Source Contribution Function
(PSCF) modeling.36,40 The PSCF value in a 1.0° × 1.0° grid
cell (PSCFij), indicative of the probability that a source region
contributing to elevated atmospheric PBM concentrations
(defined by a concentration threshold), is calculated using eq
6:

=
M

N
WPSCFij

ij

ij
ij

(6)

where Mij is the total number of trajectory segment end points
in a grid cell (ij) related to PBM concentrations above the
concentration threshold, Nij is the total number of trajectory
segment end points in a grid cell (ij), and Wij is a weighting
function used to adjust for a small number of trajectory end
points in a grid cell (ij).2,11 The PSCF analysis needs
observations of high-temporal resolution PBM concentrations
at receptors. In this study, PBM concentrations at a temporal
resolution of 1 h were continuously measured using the Tekran
2537/1130/1135 system at MCB, MAL, and HNI during the
sampling periods of the PBM isotope study. High-temporal
resolution measurements of PBM concentrations were not
conducted during the sampling period of the PBM isotope
study at MWLG. Here we use the Tekran PBM concentrations
measured from July 2012 to June 2013 to show the potential
source regions of PBM at MWLG. Origins of air masses during
these two periods were comparable (Figure S1), indicating that
the source regions that may have influenced the PBM
concentrations at MWLG were similar during the two periods.
The concentration thresholds are chosen as the overall median
PBM concentrations measured by the Tekran 2537/1130/
1135 system at the sampling sites, which are 57.6 pg m−3, 15.0
pg m−3, 22.0 pg m−3, and 15.0 pg m−3 at MWLG, MCB, MAL,
and HNI, respectively.
We compared the origins of air masses simulated by

trajectories with local observed winds and atmospheric wind
field in East Asia and tested the sensitivity of fractional ∑PBM
emission and fractional ARTs over selected geographical
regions as well as the PSCF analysis to trajectory arrival
heights (i.e., 300 m a.g.l. versus 100 and 1000 m a.g.l.). All of
these comparisons generally showed consistent results (SI Text
S2, Figures S2−S4, and Table S3). This indicates that,
although associated with uncertainties, it is appropriate to use
trajectory-based receptor models for investigating the impact
of regional and long-range transport patterns on PBM
concentrations and isotopic compositions.

3. RESULTS AND DISCUSSION
3.1. PBM Concentrations. Average (±1σ) atmospheric

PBM concentrations measured using quartz filters at MWLG,
MCB, MAL, and HNI were 84.5 ± 41.1 pg m−3 (n = 25), 22.5
± 11.1 pg m−3 (n = 39), 31.4 ± 29.2 pg m−3 (n = 36), and 25.3
± 15.4 pg m−3 (n = 21), respectively (Table S1), which were
comparable with those (18.9 to 153 pg m−3) observed at the
other remote sites in China but much higher than the global
median values (4.6 to 11.0 pg m−3) at rural and remote surface
sites and high-elevation sites.28,41 However, atmospheric PBM
concentrations at the four remote sites were lower than those

in urban areas of China (mean: 174 to 368 pg m−3) and India
(mean: 159 to 408 pg m−3).26,41

3.2. PBM Isotopic Compositions. Large variations in
MDF and MIF signatures of PBM isotopes were observed at
the four sampling sites (Figure S5 and Table S1). In general,
PBM samples at the four sites were characterized by significant
negative δ202Hg values (means = −1.45 to −0.83‰, n = 4),
significant positive Δ199Hg values (mean = 0.27 to 0.66‰, n =
4), and slightly positive Δ200Hg values (mean = 0.07 to
0.10‰, n = 4) (Table S4).
Previous studies on PBM isotopic composition were only

conducted at a few sites in Asia and North America. δ202HgPBM
in this study was comparable to those observed in urban areas
of China (mean = −0.71 to −1.26‰, n = 3) and semirural
Grand Bay, Mississippi, United States (mean (±1σ) = −0.87 ±
0.48‰),18,19,25,27,42 but slightly higher than that measured in
Kolkata, India (mean (±1σ) = −1.51 ± 0.73‰).26 Global
observations in literatures and this study indicate no significant
difference in δ202HgPBM between urban (n = 4) and remote
sites (n = 5) (Two-independent sample t test, p = 0.67). Mean
Δ199HgPBM at remotes sites of this study were lower than those
measured in semirural Grand Bay, Mississippi, U.S.A. (mean
(±1σ) = 0.83 ± 0.35‰),27 indicating the background PBM
pool is characterized by significant positive Δ199Hg. However,
mean Δ199HgPBM at remotes sites of this study was significantly
higher (two-independent sample t test, p < 0.01) than those
observed in urban areas of China (mean = −0.02 to 0.05‰, n
= 3) and India (mean (±1σ) = −0.04 ± 0.13‰, n =
1).18,19,25,26 The Δ199Hg signatures of PBM in global urban
areas were similar to that of anthropogenic emissions
(−0.04‰),43 suggesting more localized anthropogenic emis-
sions shift the isotopic composition of PBM toward lower
Δ199Hg values in urban areas. Mean Δ200Hg of PBM was
mostly small positive values at remote and urban sites
worldwide (mean = 0.01 to 0.14‰, n = 9).18,19,25,27

3.3. Seasonal Variations in PBM Concentrations and
Isotopic Compositions. Seasonal variations at HNI were not
evaluated since the sampling period was too short. No
significant seasonal variations in PBM concentrations were
observed at MWLG (K-independent sample t test, p = 0.10).
At MCB and MAL, similar seasonal variations in PBM
concentrations were observed (K-independent sample t test, p
< 0.01 for both) with much higher values in winter (Figure 2
and Table S4). This finding is consistent with many previous
studies, which could be explained by increased Hg emissions
from wintertime residential heating, increased gas-particle
partitioning, reduced wet deposition and photoreduction, and
lower mixing height.22,23,28,41

Significant seasonal variations in Δ199HgPBM were observed
at MCB and MAL (K-independent sample t test, p < 0.01 for
both, Figure 2), and no significant seasonal variations in
Δ199HgPBM were observed at MWLG (K-independent sample t
test, p = 0.52). At MCB, the highest seasonal mean of
Δ199HgPBM(0.82 ± 0.27‰, ± 1σ) appeared in summer,
followed by spring (0.42 ± 0.32‰, ± 1σ) and autumn (0.26 ±
0.19‰, ± 1σ), and the lowest in winter (0.14 ± 0.20‰, ± 1σ)
(Table S4). In contrast, the highest seasonal mean appeared in
winter (1.05 ± 0.16‰, ± 1σ) at MAL, followed by autumn
(0.69 ± 0.23‰, ± 1σ) and spring (0.65 ± 0.20‰, ± 1σ), and
the lowest in summer (0.31 ± 0.20‰, ± 1σ) (Table S4). The
highest seasonal mean (0.41 ± 0.36‰, ± 1σ) also appeared in
winter at MWLG (Table S4). No significant seasonal
variations in δ202HgPBM were observed at MCB (K-
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independent sample t test, p = 0.54) and MAL (K-independent
sample t test, p = 0.56). A significant seasonal variation in
δ202HgPBM was observed at MWLG (K-independent sample t
test, p < 0.01) with much higher values in winter than autumn
and spring (Table S4). Air masses at MWLG in winter were
exposed to more long-range sources than regional sources, and
might undergo more photochemical reactions (e.g., photo-
reduction) and shift δ202HgPBM positively.3,4

Significant seasonal variations in Δ200HgPBM were observed
at MWLG (K-independent sample t test, p < 0.05) and MAL
(K-independent sample t test, p < 0.01) (Figure S6), with
seasonal mean being relatively higher in autumn at MWLG and
in winter at MAL than in the other seasons (Table S4). No
significant seasonal variations were found at MCB (K-
independent sample t test, p = 0.42, Figure S6). Overall, in
northwestern and southwestern China, Δ199HgPBM and
Δ200HgPBM values were generally higher in cold (November

to April) than warm season (May to October), whereas an
opposite seasonal trend was found in northeastern China (not
for Δ200HgPBM). At MCB, a positive shift of Δ199HgPBM in
summer was mainly caused by more exposure of air masses to
oceanic source (more discussion below), and it is currently
unclear whether this source would shift Δ200HgPBM positively
or negatively.
Isotopic compositions of PBM could be influenced by

emission source types as well as transformation processes
happened during the short and long-range transport of air
pollution. Source materials of anthropogenic origins are
generally characterized by much lower Δ199Hg (mean =
−0.19‰ to 0.04‰) compared to that of background
atmospheric pool.43 Seasonal variations in industrial Hg
emissions are generally small in China. For example, a recent
study showed that Hg emission from coal-fired power plants
(CFPP) in China was 1−11% higher in winter than in the
other seasons.44 Additionally, there are no notable seasonal
variations in the production of cements (<4% higher in
summer than in the other seasons) and nonferrous metals (3−
5% higher in autumn than in the other seasons) during the last
three years.45 We can therefore assume that industrial
emissions in China are kept relatively constant throughout
the year with no significant seasonal variations, which could
not explain the seasonality in PBM isotopic compositions. Hg
emissions from residential coal and wood burning tend to be
higher in the cold season due to higher demand for indoor
heating.46 Biomass burning areas, representing the intensity of
Hg emissions from biomass burning,47 in northwestern China,
northeastern China, southwest China, and China were
generally the highest in spring and the lowest in summer
(Figure S7).48 Analysis of local meteorology shows higher air
temperature, solar radiation, and rain depth in the warm season
than those in the cold season at all the sampling sites (Figure
S8). These factors might partly influence the PBM isotopic
compositions observed at individual sites but cannot explain
the opposite seasonal trends in Δ199HgPBM at MCB and MAL.
Therefore, it is speculated that other processes likely
dominated the seasonal variations of PBM isotopic composi-
tions.
To investigate the mechanisms driving the seasonal

variations in PBM isotopic compositions, we analyzed the
atmospheric transport patterns of anthropogenic, oceanic, and
dust related sources. Figure S9 shows ∑PBM emission and
fractional ∑PBM emission over regional source regions (i.e.,
northwestern China for MWLG, northeastern China for MCB,
southwestern China for MAL, and eastern China for HNI,
defined as air masses exposure to regional anthropogenic
sources, Figure 1) and major long-range anthropogenic source
regions affecting the corresponding sites [i.e., South Asia for
MWLG, other regions of China (China excluding northeastern
China) for MCB, South Asia for MAL, and other regions of
China (China excluding eastern China) for HNI] for each
PBM sample at the four sites. ∑PBM emission of PBM
samples at each sampling site varied significantly (up to 1 order
of magnitude) during the study period (Figure S9). However,
no significant relationship existed between Δ199HgPBM and
∑PBM emission at MCB, MAL, and HNI (MCB: r = 0.02, p =
0.92; MAL: r = 0.22, p = 0.20; HNI: r = 0.18, p = 0.44). The
significant positive correlations at MWLG (r = 0.67, p < 0.01)
was possible owing to the large fraction of ∑PBM emission
over long-range source regions, which may shift Δ199HgPBM

Figure 2. Temporal variations in atmospheric PBM Δ199Hg (red
dots) and PBM concentrations (gray vertical bars) at (A) MWLG
(Oct 2014 to Jul 2015), (B) MCB (Sep 2014 to Jul 2014), (C) MAL
(May 2014 to May 2015), and (D) HNI (Oct 2014 to Dec 2014).
The time scales are adjusted for comparing seasonal variability. Error
bars are 2σ analytical uncertainty of Δ199HgPBM. Red lines at MCB
and MAL represent the Gaussian regression of data and gray lines are
the 95% confidence line of the regression.
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positively during long-range atmospheric transport (more
discussion below).
To evaluate the contributions of regional and long-range

transport of emissions on PBM isotopic compositions, we
analyzed relationships between PBM isotopic compositions
(Δ199HgPBM, Δ200HgPBM, and δ202HgPBM) and fractional
exposure of air masses to regional sources (e.g., anthropogenic
and dust related sources) and long-range sources (e.g.,
anthropogenic and oceanic sources). We find that air masses
with high exposure of the upwind regional anthropogenic
sources shifted Δ199HgPBM negatively at MCB, MAL, and HNI
(Figure 3B−D). At MWLG, Δ199HgPBM was not significantly
negatively correlated with fractional exposure of air masses to
regional anthropogenic sources (Figure 3A), but was
significantly negatively correlated with fractional ARTs over
the desert region in northwestern China (r = 0.47, p < 0.05,
Figure S10), indicating a negative shift of Δ199HgPBM by the
dust related sources. However, air masses with high exposure
of upwind long-range anthropogenic sources shifted
Δ199HgPBM positively at MWLG, MAL, and HNI (Figure 3A,
C, and D). At MCB, a positive shift of Δ199HgPBM driven by
long-range anthropogenic sources was not observed. It is
possibly owing to the overall small fraction of long-range
anthropogenic sources (Figure 3B) and indicates other
mechanisms might be responsible for the significantly positive
Δ199HgPBM values observed at MCB. For example, we observed
a significant positive correlation between Δ199HgPBM and

fractional ARTs over oceans at MCB (r = 0.47, p < 0.01, Figure
S11), indicating a higher exposure of oceanic air might lead to
the positive shift of Δ199HgPBM. Δ200HgPBM at MAL was
significantly positively correlated with fractional ∑PBM
emission over South Asia (r = 0.44, p < 0.01, Figure S12).
Δ200HgPBM at HNI was significantly negatively correlated with
fractional ∑PBM emission over eastern China (r = 0.65, p <
0.01, Figure S12) and positively correlated with that over the
other regions of China (r = 0.57, p < 0.01, Figure S12).
At MCB, the mean fractional ∑PBM emission over

northeastern China was 42% in summer (annual mean =
65%) and the mean fractional ARTs over oceans was 33% in
summer (annual mean = 14%) (Table S4). At MAL, the mean
fractional∑PBM emission over southwestern China was 2% in
winter (annual mean = 15%) and that over South Asia was
95% in winter (annual mean = 66%) (Table S4). At MWLG,
the mean fractional ARTs over desert was 14% in winter
(annual mean = 17%) and the mean fractional ∑PBM
emission over South Asia was 43% in winter (annual mean =
29%) (Table S4). Thus, air masses at MCB in summer and at
MWLG and MAL in winter had less exposure to regional
sources and more exposure to long-range sources, which could
be responsible for the higher Δ199HgPBM and Δ200HgPBM values
in winter at MWLG and MAL and in summer at MCB.
It should be noted that other factors could have also

influenced the seasonal variations of the PBM isotopic
compositions at the observational sites, resulting in the weak

Figure 3. Linear correlation analysis between PBM Δ199Hg and associated fractional ∑PBM emission over regional anthropogenic source regions
(i.e., northwestern China for MWLG, northeastern China for MCB, southwestern China for MAL, and eastern China for HNI, indicated by red
points) and major long-range anthropogenic source regions [i.e., South Asia for MWLG, other regions of China (China excluding northeastern
China) for MCB, South Asia for MAL, and other regions of China (China excluding eastern China) for HNI, indicated by blue points] at (A)
MWLG, (B) MCB, (C) MAL, and (D) HNI during the study period. Error bars are 2σ analytical uncertainty of Δ199HgPBM.
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correlations between the Δ199HgPBM and the PBM transport at
some sites (Figure 3). For example, residential heating and
biomass burning tend to be intensive in cold seasons in East
Asia,46,48 which might contribute to the low Δ199HgPBM values
in cold season at MCB. Also, atmospheric transformations
including oxidation, reduction, and gas-particle partitioning
can shift the isotopic compositions of PBM (more discussion
below), which generally have high transformation rates and
low partitioning coefficients in warm seasons.22,23 At MCB,
Δ199HgPBM was significantly positively correlated with intensity
of solar radiation (r = 0.73, p < 0.01) and air temperature (r =
0.72, p < 0.01) (Figure S13), indicating meteorologically
controlled seasonal variations of Δ199HgPBM at MCB. Such
correlations, however, were not observed at MWLG and MAL
(Figure S13). It is plausible that transport of PBM at MWLG
and MAL was a more dominant process than meteorological
factors, since the variations of intensity of solar radiation and
air temperature at MWLG and MAL were much smaller than
that at MCB (Figure S13). Δ199HgPBM was negatively
correlated with rain depth at MAL (r = 0.53, p < 0.01, Figure
S13). We propose that the frequent rainfall in summer would
lead efficient removal of PBM during long-range transport,
which in turn increased the impact of regional sources and
contributed to the summertime low Δ199HgPBM values at MAL.
No significant correlations were observed between

δ202HgPBM and fractional ∑PBM emission over regional
anthropogenic source regions and long-range anthropogenic
source regions, or between δ202HgPBM and fractional ARTs
over desert and ocean regions at the four sites (all having p
values >0.05, Table S5). δ202Hg of anthropogenic source
materials varied more significantly than Δ199Hg and Δ200Hg.43

In addition, unlike that significant MIF is mainly induced by
photochemical processes,1 δ202Hg signatures of PBM pre-
viously emitted from anthropogenic sources could be further
shifted by many environmental processes, and it is unclear
whether the combined effect of these processes would result in
a “net” increase or decrease of δ202HgPBM.

1 Therefore, currently
we are unable to discern the major factors influencing the
seasonal variations of δ202HgPBM.
3.4. Mechanisms for MIF of PBM Isotopes. PBM in the

atmosphere could be derived from direct anthropogenic
sources or produced via photochemical oxidation of GEM
on aerosol surfaces and in gas phase followed by gas-particle
partitioning, and removed by photoreduction and deposition.49

A recent study by Sun et al. compiled Hg isotopic signatures of
anthropogenic source materials (e.g., coal, zinc ores, limestone,
Hg ores, and volcanic gases) and estimated mean Δ199Hg
values of −0.06 to −0.04‰ and mean Δ200Hg values of near-
zero for PBM and GOM emitted from anthropogenic sources
worldwide.43 This is consistent with the observed Δ199HgPBM
(mean = −0.02 to 0.05‰) and Δ200HgPBM (mean = 0.01 to
0.09‰) in urban areas of Asia,18,19,25,26 suggesting that strong
anthropogenic emissions in urban areas drive isotopic
composition of PBM toward low Δ199Hg and Δ200Hg values.
However, Δ199Hg and Δ200Hg values of many PBM samples at
remote sites in this study are significantly positive than
anthropogenic emissions, indicating important roles of
atmospheric transformations.
A recent study on MIF of Hg isotopes during photochemical

oxidation of Hg0 by atomic Cl and Br measured a significant
negative shift of Δ199Hg in GOM products.6 Therefore,
oxidation of Hg0 followed by gas-particle partitioning of GOM
would yield negative Δ199Hg values in PBM, assuming that

temperature-dependent gas-particle partitioning produces
insignificant MIF of Hg isotopes.9,22 In addition, current
knowledge of MIF of odd-mass Hg isotopes during Hg
evaporation, nonphotochemical reduction, and photoreduction
of Hg in snow suggested these processes would probably result
in negative or small Δ199HgPBM values.4,5,10 These processes
therefore cannot explain the significant positive Δ199HgPBM
signature in this study. Alternatively, photochemical reduction
of Hg(II) in aqueous solution with sulfurless dissolved organic
carbon (DOC) can produce a significant positive Δ199Hg
signature in aqueous solution,3,4 which is consistent with the
highly positive Δ199HgPBM values commonly observed in
remote areas.
The ratio of Δ199Hg to Δ201Hg could be also used to identify

fractionation processes. In this study, the Δ199HgPBM/
Δ201HgPBM ratios ranged from 1.05 to 1.18 at the four remote
sites (Figure S14). These ratios are overall consistent with
those of photochemical Hg(II) reduction in aqueous solution
with sulfurless DOC (1.00 to 1.31),3,4 but relatively lower than
those observed for gas-phase Hg0 oxidation by Cl• and Br•

(1.64 to 1.89), liquid−vapor Hg evaporation (1.59 ± 0.01, 1σ),
and abiotic Hg(II) reduction in the absence of light (1.5 to
1.6).6,50,51 Atmospheric aerosols contain an important fraction
of water (30−50% by mass) and DOC (8% by mass),49,52 and
therefore may have similar patterns in photoreduction induced
MIF of Hg isotopes as aqueous solutions. Hence, we propose
that photoreduction of Hg(II) in aerosols is an important
factor driving significant positive Δ199HgPBM in background
atmospheric pool. It should be noted that PBM in background
atmospheric pool could be affected by many environmental
processes, and the MIF of Hg isotopes induced by many of
these processes have not been well constrained (e.g.,
photoreduction of gas-phase Hg(II) is supposed to be also
important but the MIF of Hg isotopes during this process is
unclear53). It is plausible that the sum of these processes drive
a “net” increase of Δ199HgPBM in background atmospheric pool,
i.e., processes inducing significant positive shifts of Δ199HgPBM
dominate over those inducing negative or small shifts.
Interestingly, PBM was mostly characterized by small but

significant positive Δ200Hg values and significant negative
Δ204Hg values in this study. A significant negative correlation
was observed between Δ200HgPBM and Δ204HgPBM at MWLG
and MAL (Δ204HgPBM was not measured at MCB and HNI
due to the limitations of instrumental collector designs during
that analytical sessions) and yielded a Δ200HgPBM

/204HgPBM
slope of −0.54 (Figure S15), which is comparable to previous
studies.2,15 Significant MIF of even-mass Hg isotopes has been
mainly observed in atmospheric samples, generally with
negative Δ200Hg in GEM and positive Δ200Hg in PBM,
GOM and precipitation.12,14−16,27 The unique Δ200Hg
anomalies in atmospheric Hg samples have been suggested
to be mainly related to photochemical oxidation of Hg0 at high
altitudes (e.g., upper troposphere and stratosphere where UV-
light and oxidants are abundant).2,12 Here we analyzed the air
mass origins of the high Δ200HgPBM events (i.e., Δ200HgPBM ≥
0.15‰, n = 13). As shown in Figure S16, air masses related to
high Δ200HgPBM events at MCB (n = 5) mainly originated from
the middle and upper troposphere (e.g., > 3 km a.g.l.) over
high-latitude regions and passed over lower free troposphere
(1−3 km a.g.l.) before arriving at MCB during the preceding 5
days. However, air masses related to high Δ200HgPBM events at
HNI (n = 2) and MAL (n = 6) showed major origins and
pathways at the low altitudes (e.g., lower free troposphere and
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MBL) during the preceding 5 days (Figure S16). This may not
support the hypothesis that intrusion of air mass from upper
troposphere and stratosphere directly causes Δ200Hg anomalies
in ground atmospheric PBM. It is speculated that small but
significant Δ200Hg anomalies might be a widespread
phenomenon in the background global atmospheric PBM
pool, which could be originated from vertical mixing of air
masses between the stratosphere and the troposphere,54 and/
or in situ photochemical oxidation of Hg0 by UV light and
oxidants (e.g., Cl•) at low altitudes.6

3.5. Domestic versus Transboundary Air Pollution
Contributing to Atmospheric PBM. Atmospheric PBM
concentrations were significantly negatively correlated with
Δ199HgPBM at MCB and HNI (MCB: r = 0.62, p < 0.01; HNI:
r = 0.66, p < 0.01) and significantly positively correlated at
MAL (r = 0.47, p < 0.01) (Figure 4). No significant

relationship existed between PBM concentrations and
Δ199HgPBM at MWLG (r = 0.39, p = 0.06). The different
relationships between PBM concentrations and Δ199Hg
indicate different sources of atmospheric PBM between the
studied sites. At MCB and HNI, PBM samples with elevated
concentrations were mainly associated with low Δ199HgPBM
values, similar to the Δ199Hg signatures of direct anthropogenic
emissions,43 suggesting major contributions from this category
of sources to PBM at these two sites. However, low
atmospheric PBM concentrations at the same two sites were
mainly associated with significantly positive Δ199HgPBM values.
PBM in the background atmospheric pool (e.g., lower free
troposphere and grounded remote areas) is generally low (e.g.,
4−11 pg m),28 and undergoes sufficient atmospehric trans-
formations that probably drives PBM isotopic composition
toward significantly positive Δ199Hg values. Additionally,
sufficient photochemical reductions of PBM previously emitted
from anthropogenic sources during long-range transport could
also decrease PBM concentrations and increase Δ199HgPBM
values.
Contrary to the cases found at MCB and HNI, elevated

atmospheric PBM concentrations (e.g., 58.1 to 132.7 pg m−3, n
= 7) at MAL were mainly associated with significantly positive
Δ199HgPBM (0.65 to 1.17‰) (Figure 4), which cannot be
explained by the commonly observed low PBM concentrations

in the background atmospheric pool.28 It is speculated that
long-range transport of anthropogenic pollution plumes that
underwent strong atmospheric transformations contributed
significantly to the elevated PBM at MAL. Low atmospheric
PBM at MAL was associated with a large range (from low to
significantly positive) of Δ199HgPBM values, suggesting
combined contributions from direct anthropogenic emissions
and background PBM pool.
Source regions of the elevated PBM at the studied sites are

identified using a PSCF approach. Major potential source
regions at MCB and HNI were mainly located in the planetary
boundary layer (PBL) over northeastern China and eastern
China, respectively (Figures 5B and D and S17), correspond-
ing well with the major anthropogenic source regions in China
(Figure 1). These sources can be classified to regional sources
because of the proximity of these sources to MCB and HNI.
PBM emitted from these source regions could be transported
to these two sites within a short time period (e.g., 0−48 h,
Figure S18). Such a short transport period and a major
transport pathway within the PBL are not expected to cause
strong transformations of PBM, leading the Δ199Hg signatures
of the elevated PBM similar to that of the original
anthropogenic sources. In comparison, elevated PBM at
MAL were mainly attributed to the transboundary transport
of PBM from the lower free troposphere (2−3 km a.g.l.) over
South Asia (Figures 5C and S17). A recent study in urbanized
and industrialized Kolkata, Northeast India reported highly
elevated PBM concentrations (159 to 408 pg m−3) and close
to zero Δ199HgPBM values.26 Anthropogenic pollution plumes
from South Asia needed to travel a longer period (48−120 h)
in the lower free troposphere (2−3 km altitude) before arriving
at MAL (Figures S17 and S18). A modeling study estimated
that the global mean chemical lifetime of Hg(II) against
photoreduction in aerosols and clouds in the troposphere is
approximately 13 days.24 It is probably much shorter in Asian
lower free troposphere (1−2 km altitude) because of higher
organic aerosols concentrations.23,24 This indicates that more
than 15−38% of the PBM from South Asia was lost via
photoreduction during long-range transport, which likely drove
a notable positive shift of Δ199HgPBM given the dramatic MIF
factors induced by photochemical reduction as determined by
previous experiments.3,4 Identification of potential source
regions at MWLG reflected mixing sources between dust
related emissions over desert and semidesert regions in western
China and a transboundary transport from northwestern South
Asia (Figure 5A). Fractional ∑PBM emission over South Asia
was significantly positively correlated with Δ199HgPBM at
MWLG (Figure 3A), similar to what was found at MAL,
indicating transboundary transport also played an important
role at MWLG.

3.6. Environmental Implications. Strong anthropogenic
Hg emissions combined with high particulate matter (PM)
concentrations enhanced Hg(II) gas-particle partitioning22,55

and resulted in elevated atmospheric PBM concentrations in
East Asia.28 Our analysis suggests that exposure of air masses
to regional and long-range sources in the preceding days had
distinct MIF signatures of PBM isotopes. Due to the proximity
to the sampling sites, PBM emitted from regional anthro-
pogenic and dust related sources could be transported to the
receptors within short time periods and might conserve the low
Δ199Hg signatures of the original sources.43 In contrast, long-
range transported PBM of anthropogenic or oceanic origins
underwent more atmospheric transformations and/or mixed

Figure 4. Linear relationships between PBM concentration and PBM
Δ199Hg at MAL, MCB, and HNI. Error bars are 2σ analytical
uncertainty of Δ199HgPBM.
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with PBM produced via atmospheric processes, and probably
shifted the MIF signatures of PBM isotopes positively relative
to the original isotope signatures. This finding suggests that the
Δ199HgPBM signature would be a potential tracer in identifying
PBM source factors, despite the fact that the potential
mechanisms driving the significant positive Δ199HgPBM
signatures are still not well understood. Future studies are
needed to better understand the transformation induced
fractionation of Hg isotopes in atmospheric PBM. This,
together with the established isotopic compositions of
anthropogenic sources,43 would help to quantitatively identify
the sources of atmospheric PBM. Such knowledge is also
needed in assessing the influence of the fractionation of PBM
isotopes on isotopic compositions of Hg in other atmospheric
reservoirs.
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