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ABSTRACT: This study examined the isotopic composition of
particulate bound mercury (PBM) in 10 Chinese megacities and
explored the associated sources and transformation mechanisms. PBM
in these cities was characterized by negative δ202Hg (mean: −2.00 to
−0.78‰), slightly negative to highly positive Δ199Hg (mean: −0.04 to
0.47‰), and slightly positive Δ200Hg (mean: 0.02 to 0.06‰) values.
The positive PBM Δ199Hg signatures were likely caused by
physiochemical reactions in aerosols. The Δ199Hg/Δ201Hg ratio varied
from 0.94 to 1.39 in the cities and increased with the increase in the
corresponding mean Δ199HgPBM value. We speculate that, in addition to
the photoreduction of oxidized Hg, other transformation mechanisms
in aerosols (e.g., isotope exchange, complexation, and oxidation, which
express nuclear volume effects) also shape the Δ199HgPBM signatures in
the present study. These processes are likely enhanced in the presence
of strong gas-particle partitioning of gaseous oxidized Hg (GOM) and elevated levels of redox active metals (e.g., Fe), halides, and
elemental carbon. Based on Δ200HgPBM data presented in this and previous studies, we estimate that large proportions (∼47 ± 22%)
of PBM were sourced from the oxidation of gaseous elemental Hg followed by the partitioning of GOM onto aerosols globally,
indicating the transformation of Hg(0) to PBM as an important sink of atmospheric Hg(0).
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1. INTRODUCTION

Mercury (Hg) in the atmosphere mainly exists in the forms of
gaseous elemental mercury [GEM or Hg(0)], gaseous oxidized
mercury (GOM), and particulate bound mercury (PBM). Hg
directly emitted into the atmosphere from anthropogenic and
natural sources or reemitted from previously deposited Hg is
mostly in the form of Hg(0).1 Hg(0) is much less susceptible
to dry and wet removal processes as compared with GOM and
PBM and is readily transported over a hemispherical scale.
Oxidation of Hg(0) to Hg(II) (GOM and PBM) in the
atmosphere followed by Hg(II) wet and dry deposition is
perceived as one of the major sinks of atmospheric Hg(0).2,3

Hence, a complete understanding of the sources and
transformation mechanisms of speciated atmospheric Hg is
critical for assessing Hg cycling in the atmosphere.
Recent studies have improved our understanding of the

atmospheric gas-phase Hg redox schemes,4−7 while the
knowledge of reactions in aqueous and heterogeneous phases
remains largely limited.7,8 In current global atmospheric Hg
models, Hg(0) oxidation is assumed to be mainly induced by
Br and OH, and then the gaseous oxidized Hg could be either
reduced back to Hg(0), could persist as GOM in the
atmosphere in relatively photochemically and thermally stable

Hg(I, II) forms, or could be captured by aerosols and cloud
droplets.2,3,8,9 Once incorporated into aerosols and cloud
droplets, Hg(I, II) can undergo many physiochemical trans-
formation processes.7 Among viable processes, aqueous-phase
Hg(II) photoreduction is frequently considered in modeling
studies and is supposed to play important roles in the
atmospheric chemistry of Hg.2,3,8 On the other hand, other in-
aerosol processes such as re-oxidation, complexation, and
adsorption, which allow Hg(II) to be retained as PBM, are
frequently neglected in global modeling because of deficient
knowledge.3,7,8

Hg stable isotopes can help constrain its sources and
transformation mechanisms in the natural environment
because physicochemical processes induce mass dependent
fractionation (MDF; δ202Hg signature) and odd- and even-
mass independent fractionation (MIF; Δ199Hg, Δ200Hg, and
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Δ201Hg signatures). MDF of Hg isotopes can be caused by
many physicochemical processes, including reduction, methyl-
ation/demethylation, sorption, and evaporation.10 Large odd-
MIF of Hg isotopes are mainly associated with photochemical
redox reactions due to the magnetic isotope effect (MIE).11−15

Small magnitudes of odd-MIF (e.g., <0.6‰) have also been
observed in abiotic dark Hg(II) reduction, Hg(II) complex-
ation with thiol, and abiotic dark Hg(0) oxidation (mainly due
to equilibrium isotope exchange) experiments, which are
accompanied by a discernible Δ199Hg/Δ201Hg regression slope
of ∼1.6 compared to the MIE (slope of ∼1.0) due to the
nuclear volume effect (NVE).16−18 Even-MIF anomalies are
mainly observed in atmospheric samples and are assumed to be
exclusively produced during atmospheric redox reactions at
high altitudes.19−22 Recently, measurements of the Hg isotopic
composition in atmospheric aerosols have been carried out at
urban,23−26 remote,27,28 oceanic,28−30 and polar sites31,32

worldwide, from which it was proposed that industrial
emissions, subsequent in-aerosol photoreduction, and con-
version of Hg(0) to PBM are crucial factors regulating the
variations in PBM isotopic composition.27,28,32,33 Oxidation
processes were also speculated to be of potential importance in
an oceanic study, but the detailed mechanisms remain largely
unknown.29 Hence, the links between heterogeneous Hg
reactions in aerosols and PBM isotopic signature have yet to be
established.
Considering the crucial roles PBM plays in atmospheric Hg

cycling,7,8,34 further investigation of Hg transformation at the
interface of and within aerosols using diversified approaches is
warranted.7,8 In the present study, we measured the isotopic
composition of PBM in 10 Chinese megacities. PBM
concentrations in Chinese urban areas are generally highly
elevated and represent the major Hg species scavenged from
the atmosphere in China.35,36 The PBM isotope signatures
together with the chemical characteristics of PM2.5 and
meteorological parameters were used to explore the effect of
in-aerosol Hg transformation on the MIF of PBM. Finally,
PBM sourced from atmospheric oxidation of Hg(0) followed
by aerosol scavenging processes is constrained using a Δ200Hg
mixing model.

2. MATERIALS AND METHODS
2.1. PBM Sampling. PBM samples were collected at

downtown sites in 10 megacities in China (i.e., Beijing,
Shijiazhuang, Jinan, Lanzhou, Zhengzhou, Shanghai, Chengdu,
Wuhan, Guiyang, and Guangzhou) (Figure S1). Detailed
information on the sampling sites and the cities can be found
in Fu et al.37 PM2.5 samples were collected on quartz fiber
filters (8 × 10 in sheet, Munktell, Sweden) using high-volume
PM2.5 samplers (ASM-1, Guangzhou Minya, China) at a flow
rate of 1.0 m3 min−1. Before sampling, quartz filters were
preheated at 500 °C for 6 h to minimize the Hg blank in filters.
In this study, daily PM2.5 samples were continuously collected
for approximately 1 week at each urban site in both summer
and winter campaigns (Table S1). Filters were sealed carefully
in polyethylene bags immediately after the completion of field
sampling and kept frozen (−18 °C) before further sample
processing.
2.2. Sample Processing and Analysis. A small piece

(∼10%) of filter was cut off from the large filter sheets (8 × 10
in.) using a Teflon scissor for the analysis of PBM
concentration and isotopic composition. The filters were
combusted in a Hg-free oxygen flow in a quartz tube (25 mL

min−1), and then PBM in PM2.5 was thermally released as
Hg(0), which was subsequently preconcentrated into 5 mL of
40% HNO3/HCl mixed trapping solution (v/v, 2:1).38 Hg
concentration in the trapping solution was measured using a
cold vapor atomic fluorescence spectroscopy method. PBM
concentration in ambient air was calculated by dividing the Hg
mass in the trapping solution by the sampling air volume
through the filter piece.
Isotope ratios of Hg in the trapping solution were

determined using cold vapor multicollector inductively
coupled plasma mass spectrometry (Nu-Plasma, UK).28

MDF and MIF values of PBM were reported in delta notation
(δ) and capital delta (Δ) in per mil (‰), respectively, which
were calculated using the following equations39
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where xxx is the mass number of Hg isotopes (199, 200, 201,
202, and 204), sample is the PBM collected in the present
study, NIST-3133 is the bracketing NIST SRM 3133 Hg
standard reference during analysis, and β is 0.2520, 0.5024,
0.7520, and 1.493 for 199Hg, 200Hg, 201Hg, and 204Hg,
respectively, which are determined from the kinetic MDF
law.39

The recoveries of sample processing were investigated by
combustions of CRM BCR-482 (lichen), NSIT SRM 2711a
(Montana soil), and NIST SRM 1648 (urban particulate
matter), which showed mean recoveries of 87.9 ± 6.6% (1sd, n
= 6), 96.0 ± 4.2% (1sd, n = 6), and 91.9 ± 10.8% (1sd, n =
19), respectively. The combustion of preheated filters showed
a mean system blank of 0.09 ± 0.05 ng mL−1 (1sd, n = 15) for
the field sampling and processing, which accounted for <10%
of the collected PBM in trap solutions. Isotope ratios of Hg in
NIST SRM 3177, SRM 2711a, and BCR 482 were routinely
measured during the analysis of the PBM isotopic composition,
which agree well with previously reported values (Table
S2).12,40 The reported analytical uncertainty of the PBM
isotopic composition in this study is the higher 2sd value of
either NIST SRM 3177 or the repeated analysis of PBM
samples.

2.3. Ancillary Parameters. PM2.5 mass concentration,
organic carbon (OC), elemental carbon (EC), water-soluble
anions (including Cl−1), and trace elements (including Fe and
Cd) in PM2.5 samples were analyzed to investigate the effect of
environmental factors on the variations of PBM isotopic
compositions, and details of the processing and analysis are
shown in Text S1.

3. RESULTS AND DISCUSSION
3.1. PBM Concentration and Isotope Composition.

City-specific mean PBM concentrations ranged from 33.6 to
158 pg m−3 (n = 10, Table S3), and the overall mean value
from the 10 cities was 74.9 ± 82.9 pg m−3 (1sd, n = 130)
during the study period. This mean value was approximately
1.5 times of that obtained from Chinese rural areas and more
than 1 order of magnitude higher than those in North America
and Europe.35,41 The mean concentration of PBM in the cities
was not correlated with that of PM2.5 or EC (ANOVA, p > 0.05
for both) but significantly positively correlated with that of OC
(r2 = 0.89, p < 0.01) (Figure S2). The strong correlation
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between PBM and OC is similar to the observations in
precipitation samples.42 The high mass fraction of OC in
aerosols is conducive to the GOM adsorption by aerosols or
aerosol water and the complexation of Hg(II) inside
aerosols,43,44 which may therefore represent a major factor
controlling the PBM variation among the investigated cities.
Isotopic compositions of daily PBM samples collected in the

10 cities exhibited large variations, with δ202Hg, Δ199Hg, and
Δ200Hg values in the range of −3.28 to 0.41‰, −0.67 to
0.94‰, and −0.13 to 0.16‰ (n = 125), respectively (Table
S1). A minor fraction of PBM samples (16% of the total
collected samples) were characterized by negative Δ199Hg
values, which were mainly observed in the winter campaign
(Table S1). City-specific mean δ202Hg, Δ199Hg, and Δ200Hg
values of PBM during the study period ranged from −2.00 to
−0.78, −0.04 to 0.47, and 0.02 to 0.06‰ (n = 10),
respectively, while the overall mean from all the 10 cities
were −1.16, 0.22, and 0.05‰, respectively (Figure 1 and Table
S3). PBM isotopic compositions observed in the present study
align well with the pool of global PBM data, which are

characterized by significantly negative δ202Hg (mean = −1.64
to −0.69‰), slightly negative to significantly positive Δ199Hg
(mean = −0.21 to 0.83‰), and positive Δ200Hg (mean: 0.01
to 0.14‰) signatures (Table S3),23−30,45,46 with the exception
of the observations in polar regions (mean δ202Hg = 0.03 to
1.05‰, mean Δ199Hg = −0.38 to −0.28‰, mean Δ200Hg =
−0.01 to 0.00‰, n = 2) (Table S3).31,32 By comparison, PBM
at urban sites worldwide showed relatively lower Δ199Hg and
Δ200Hg values as compared to observations at Chinese rural
sites, in marine air, and at a coastal site in the United States
(Figure 1). The isotopic composition in flue gases and other
primary anthropogenic emissions shows slightly negative to
near-zero values of Δ199Hg and Δ200Hg.47−49 The lower values
of PBM Δ199Hg and Δ200Hg at urban sites would therefore
suggest relatively higher contributions from primary anthro-
pogenic emissions (PBM emissions and adsorption of GOM
emitted from anthropogenic sources) to PBM in the urban
areas.34,50

The isotopic compositions of PBM in this and previous
studies are generally distinguishable from those of Hg(0) and

Figure 1. Mean (±1sd) of δ202Hg vs Δ199Hg (A) and δ202Hg vs Δ200Hg (B) for PBM collected in the 10 megacities in this study. Observations of
δ202Hg, Δ199Hg, and Δ200Hg for PBM in rural areas of China,28 oceans,28−30 urban areas of South Asia,25,26 and USA,27 as well as Hg(0) (GEM) in
urban and rural areas of China37,51,52 were also compiled from previous studies. Error bars are 1sd of the mean values.

Figure 2. Summertime and wintertime means of PBM concentrations, PBM/PM2.5 ratios, PBM/EC ratios, δ202HgPBM, Δ199HgPBM, solar radiation,
and air temperature at the 10 urban sites. Error bars are 1sd of the mean values.
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GOM (Figure 1 and Table S3). For example, the isotopic
composition of Hg(0) at urban and rural sites in China showed
relatively lower Δ199Hg (meanurban = −0.06 ± 0.06‰, meanrural
= −0.12 ± 0.04‰) and Δ200Hg (meanurban = −0.01 ± 0.04‰,
meanrural = −0.04 ± 0.02‰) values.37,45,51,52 Mean Δ199Hg
and Δ200Hg values of GOM at Grand Bay, United States, and
Pic Du Midi, France, ranged from −0.11 to 0.44 and 0.15 to
0.18‰, respectively.22,27 The mechanisms underlying the
discernible MIF signatures among atmospheric Hg species,
although not well constrained, were proposed to be mainly
associated with photochemical reactions in the atmos-
phere.19,20,22,28,33

3.2. Seasonal Variations in PBM Concentration and
Isotope Composition. City-specific mean PBM concen-
trations in winter (62.7 to 245 pg m−3) were 1.5 to 4.5 times of
those (25.3 to 56.7 pg m−3) in summer in nine cities and were
20% lower in one city (Shanghai) during the study period
(Figure 2). Such a seasonal variation in PBM concentration
(i.e., higher level in winter than in summer) is consistent with
those previously reported for urban and rural locations in
Mainland China.35 The mean PBM/PM2.5 ratio and PBM/EC
ratio in the 10 cities were also higher in winter (PBM/PM2.5 =
1.03 ± 0.48 pg m−3/μg m−3, PBM/EC = 94.1 ± 42.6 pg m−3/
μg m−3) than in summer (PBM/PM2.5 = 0.67 ± 0.38 pg m−3/
μg m−3, PBM/EC = 62.0 ± 29.8 pg m−3/μg m−3) (Figure 2).
These observations indicate an enrichment of Hg in
atmospheric particles in winter, likely due to the increase in
the gas-particle partitioning of GOM, decrease in the
photochemical losses of Hg from particles under cold and
darker conditions, and/or change in the anthropogenic
emission sources (Figure 2).3,34,50

During the study period, city-specific mean PBM δ202Hg
values ranged from −1.83 to −0.74‰ (mean = −1.24‰, n =
10) in summer, which were lower than the corresponding
values in winter in most cities expect in Shanghai and Guiyang
(from −2.42 to −0.60‰, mean = −1.08‰, n = 10) (Figure
2). Mean PBM Δ199Hg values in summer (0.07 to 0.42‰)
were higher than the corresponding observations in winter
(−0.19 to 0.28‰) at seven urban sites (Figure 2). A previous
study that investigated diel PBM isotopic compositions in
Beijing, China, suggested that stronger solar radiation would
increase Δ199Hg because of the increase in photoreduction

processes.33 Such a hypothesis could partially explain the
relatively higher PBM Δ199Hg in summer in the seven cities
mentioned above. However, the opposite seasonal pattern was
observed in three cities (Jinan, Lanzhou, and Zhengzhou) with
higher PBM Δ199Hg and much weaker solar radiation intensity
in winter than in summer (Figure 2), indicating that other
atmospheric reactions likely also played important roles in
shaping the MIF of PBM in urban areas (more discussion in
Section 3.3).
The relationships between Δ199Hg and PBM/PM2.5, PBM/

EC, and PBM/Cd ratios were analyzed for revealing the
potential transformation mechanism of PBM. EC and Cd in
the atmosphere are mainly derived from anthropogenic
sources, and Cd shares approximately 80% of the anthro-
pogenic sources for Hg.53,54 Therefore, decreasing PBM/
PM2.5, PBM/EC, and PBM/Cd ratios would indicate potential
losses of Hg from aerosols due to photoreduction and
volatilization processes. PBM Δ199Hg significantly negatively
correlated with PBM/EC and PBM/Cd ratios (ANOVA, r2 =
0.45 to 0.59, p < 0.05) in summer but only weakly and
insignificantly negatively correlated with PBM/PM2.5 (r2 =
0.19, p = 0.21) (Figure S3). The PBM samples collected in
summer (n = 56) displayed a Δ199Hg/Δ201Hg slope of 1.04
(Figure S4), which was within the range of those (1.00 to
1.12) derived from the photoreduction of Hg(II) complexed
with dissolved organic carbon (DOC) and soot particles and
anthropogenic sources.11,55,56 These findings suggest that the
photoreduction of PBM was likely responsible for the positive
Δ199Hg values in summer in these cities. In contrast, no
significant correlations were observed between PBM Δ199Hg
and PBM/PM2.5, PBM/EC, and PBM/Cd ratios in winter, and
the Δ199Hg/Δ201Hg slope was 1.20 (Figures S3 and S4). We
reason that the partitioning of GOM to PBM increases during
winter, and this addition of Hg(II) is then processed to a
greater extent by reactions within aerosols (more discussion in
Section 3.3).7,34

3.3. Odd-Hg MIF Induced by Mercury Transforma-
tions in Aerosols. PBM in the atmosphere is mainly derived
from primary anthropogenic emissions and gas-particle
partitioning of GOM,8,34,50 whereas the adsorption and
oxidation of Hg(0) on aerosol surfaces are generally
considered less relevant due to its low solubility in liquid

Figure 3. Linear regression analysis (variables enteredSPSS Statistics) between Δ199Hg and Δ201Hg of daily PBM samples in the 10 cities.
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aerosols,57 low uptake by soot,58 and weak reactivity at the
interface.59 The MIF of Hg isotopes and Δ199Hg/Δ201Hg
ratios can be potential tracers of Hg transformations. In the
present study, we observed that city-specific mean Δ199Hg/
Δ201Hg ratios of PBM varied noticeably from 0.94 ± 0.12 to
1.39 ± 0.11 (Figure 3), and the mean Δ199Hg of PBM
increased linearly with this ratio (ANOVA, r2 = 0.90, p < 0.01,
Figure S5).
The much higher than unity Δ199Hg/Δ201Hg ratios of PBM

observed in some cities (e.g., 1.24 to 1.39 in Shijiazhuang,
Jinan, Lanzhou, and Zhengzhou) were not likely inherited
from GOM during gas-particle partitioning because the
available global data showed Δ199Hg/Δ201Hg ratios of GOM
of around 1.0.22,27 Global source materials and anthropogenic
PBM emissions generally have a small magnitude of odd-MIF
and a Δ199Hg/Δ201Hg ratio of ∼1.060 and therefore should not
be the cause of the observed high Δ199Hg/Δ201Hg ratios.
Generally, large MIF of odd-Hg isotopes is mainly induced by
the MIE during photochemical redox reactions of Hg in the
environment. Photoreduction of Hg(II) may result in either
(+)MIE (positive Δ199Hg in the reactant) or (−)MIE
(negative Δ199Hg in the reactant), depending on the
complexes of Hg(II) and reaction conditions.15,55,61 Exper-
imental studies on the photoreduction of Hg(II) in water
(DOC complexed), water-saturated soot particles, and soil
show (+)MIE with Δ199Hg/Δ201Hg ratios ranging from 1.0 to
1.12,11,55,56,61,62 and this explains well the Δ199Hg/Δ201Hg
ratios (0.94 to 1.15) observed in 6 out of the 10 cities (Figure
3). The photoreduction of Hg(II) complexed with S-
containing ligands can potentially generate high Δ199Hg/
Δ201Hg ratios of up to 1.34 to 1.46 accompanied by
significantly negative Δ199Hg in reactant Hg(II) due to
(−)MIE.55,61 The photochemical gas-phase oxidation of
Hg(0) by atomic Br and Cl has Δ199Hg/Δ201Hg ratios of
1.64 and 1.89, respectively, but would likely result in negative
Δ199Hg in PBM following the adsorption of the GOM reaction
product by particles.12 These experimental results are in
contrast, at least to a certain extent, with the observations in
Shijiazhuang, Jinan, Lanzhou, and Zhengzhou (e.g., high
Δ199Hg/Δ201Hg ratios of 1.24 to 1.39 and highly positive
mean Δ199Hg of 0.34 to 0.47‰, Figure 3). A previous study
showed that the Δ199Hg/Δ201Hg ratio increased from 1.19 to
1.31 with the increase in the Hg/DOC ratio from 34.6 to 8330
ng/mg during aqueous Hg(II) photoreduction.13 Given the
fractions (mean: 67%) of water-soluble OC in total OC in

aerosols,63 we estimated that the mean water-soluble Hg/DOC
ratio in aerosols would not exceed 24 ng/mg in these cities
(Table S1), which corresponds to the lowest Hg/DOC
experiments in the previous study.13 Thus, the Hg/DOC
ratio was likely not the control factor for the observed high
Δ199Hg/Δ201Hg ratios in some cities. MIF of Hg isotopes
during dark abiotic Hg(II) reduction dominated by NVE is
characterized by a Δ199Hg/Δ201Hg ratio of ∼1.6.13,17 This
process, however, is expected to play a minor role because of
its fairly slow reaction rates in solutions and aerosols and
negative Δ199Hg signatures in reactant Hg(II).13,64

In the present study, we found the Δ199Hg/Δ201Hg ratio in
the 10 cities negatively correlated with air temperature
(ANOVA, r2 = 0.66, p < 0.01) and positively correlated with
water-soluble Cl−, total Fe, and EC concentrations in aerosols
(ANOVA, r2 = 0.54 to 0.64, p < 0.01 or 0.05) (Figure S6).
Low air temperatures enhance the gas-particle partitioning of
GOM,34 high levels of Cl− promote Hg(0) oxidation,65 and
high Fe (partial in the Fe2O3 form) and EC (S-rich) contents
facilitate the uptake of Hg(0) in aerosols.66,67 These factors
can together facilitate the physiochemical reactions of Hg
compounds in aerosols following the strong gas-particle
partitioning of GOM. Recent modeling studies have suggested
that the major Hg(II) products derived from atmospheric
Hg(0) gas-phase oxidation are mainly complexed with
−BrONO, −BrOOH, −BrOH, and −OH,4,8 whereas Hg
compounds in airborne particles are expected to include
Hg(0), Hg(I), HgCl2, HgS, and HgO.68,69 We therefore
hypothesize that substantial physiochemical transformations of
Hg compounds may exist in aerosols following the gas-particle
partitioning of GOM. This hypothesis is used here to interpret
the odd-MIF of PBM (Figure 4).
Following the partitioning of GOM [Hg(II)] into aerosols,

Hg(II) can partition back to the gas phase directly or after
complexation and respeciation8,34 and undergo photoreduction
to form Hg(0), which is either released back to the atmosphere
or retained in aerosols. The photoreduction of Hg(II) is
expected to drive a large positive Δ199Hg shift and generate a
Δ199Hg/Δ201Hg ratio of ∼1.0 in reactant Hg(II) in aerosols
due to (+)MIE.11,55,61 In addition to Hg(II) photoreduction, a
fraction of Hg(II) is likely complexed with thiol functional
groups, and this equilibrium process results in a small positive
Δ199Hg shift (e.g., <0.1‰) in thiol-bound Hg(II) relative to
reactant Hg(II) and a Δ199Hg/Δ201Hg ratio of ∼1.6 due to
NVE.16 The thiol-bound Hg(II) displays a limited reactivity

Figure 4. Diagram scheme showing the odd-MIF of PBM isotopes caused by potential physicochemical reactions in aerosols. GOM compounds
produced from gaseous-phase Hg(0) oxidation are from previous studies.4,8 Photoreduction of Hg(II) in aerosols is expected to generate a Δ199Hg/
Δ201Hg ratio of ∼1.0 and positive odd-MIF in reactant Hg(II) due to (+)MIE.11,55,56,61 We speculate that diagnostic Δ199Hg/Δ201Hg ratios higher
than 1.0 were caused by other heterogeneous Hg reactions in aerosols [e.g., complexation of Hg(II) with thiol (−SH), Hg(II)−Hg(0) isotope
exchange, aqueous photooxidation of Hg(0) by reactive chloride] that express NVE.12,16,18,71
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toward photoreduction and therefore tends to be retained in
aerosols.70 More importantly, we propose that the redox
reactions involving Hg compounds in aerosols are also crucial
for the odd-MIF of PBM (Figure 4). Once reduced, Hg(0) in
aerosols may be rapidly re-oxidized back to Hg(II), especially
in the presence of abundant Cl− [through the production of
reactive chlorine species or complex Hg(II) product], trace
metals in higher oxidation states (e.g., Fe2O3), and organic and
humic acid, as observed in previous studies.18,65,67 The
coexistence of Hg(0) and Hg(II) in aerosols facilitates the
Hg(0)−Hg(II) isotope exchange, which in turn generates a
Δ199Hg/Δ201Hg ratio of ∼1.6 due to NVE and a positive
Δ199Hg shift (up to 0.18‰) in Hg(0) retained in aerosols.18 In
addition, reactive chloride readily oxidizes Hg(0) in liquid
aerosols (triggered by OH and/or ozone),67 which has been
observed to produce large MIF of odd-Hg isotopes
(E199Hgreactant−product = 0.13 to 0.44‰) and Δ199Hg/Δ201Hg
ratios of 1.6 to 1.9 by gas-phase and aqueous experiments.12,71

As highlighted by a recent modeling study,8 a substantial
fraction of photostable HgCl2 (negative Δ199Hg) produced in
this manner would be partitioned into the gas phase, which in
turn leads to an increase in the Δ199Hg and Δ199Hg/Δ201Hg
ratio in the aerosol Hg pool. The remaining fractions of Hg(0)
could be retained in aerosols by adsorption to EC soot and
Fe2O3 nanoparticles,68,72,73 preserving the positive MIF
signatures of Hg(0) in aerosols (Figure 4). The above
hypothesis is supported by the observed effects of water-
soluble Cl−, total Fe, and EC in aerosols on the variations in
the Δ199Hg/Δ201Hg ratio (Figure S6). These factors together
facilitate the physiochemical reactions of Hg compounds in
aerosols [e.g., Hg(II) thiol complexation, reactive chloride
oxidation, and nanoparticle uptake of Hg(0)], which
potentially lead to positive shifts of odd-Hg MIF and increased
Δ199Hg/Δ201Hg ratio in PBM. Based on a binary mixing model
of NVE and MIE fractionation and their respective typical
Δ199Hg/Δ201Hg ratios of 1.6 and 1.0 (Text S2 and Figure S7),
we roughly estimate that the shifts in PBM Δ199Hg due to the
NVE in Shijiazhuang, Jinan, Lanzhou, and Zhengzhou were on
average 0.26‰ (0.00 to 0.55‰), 0.31‰ (0.00 to 0.70‰),
0.46‰ (0.00 to 0.67‰), and 0.16‰ (0.00 to 0.41‰),
respectively. These values were somewhat higher than those
produced during Hg(II) thiol complexation and Hg(0)−
Hg(II) isotope exchange experiments (Δ199Hg < 0.2‰)16,18

but within the range of those produced during Cl-triggered
Hg(0) oxidation (Δ199Hg up to ∼1.2‰).12,71 We caution that
several Hg(II) photoreduction experiments have reported
Δ199Hg/Δ201Hg ratios of higher than 1.0 for (+)MIE,13,61 and
a use of a Δ199Hg/Δ201Hg ratio of 1.19 for (+)MIE that
resembles the Hg/DOC ratio in aqueous aerosols in this study
would predict smaller contributions of NVE to the odd-Hg
MIF in these cities (Text S2).13 Nevertheless, higher Δ199Hg/
Δ201Hg ratios (e.g., 1.24 to 1.39) in the present study than
photoreduction experiments suggest that photochemical Hg-
(II) reduction should not be the exclusive origin of the odd-Hg
MIF in aerosols, and other in-aerosol heterogeneous Hg
reactions should be also considered to interpret the odd-MIF
signatures of PBM in the urban environment.
3.4. PBM Originating from Atmospheric Hg(0)

Oxidation. Recent studies have explored the MIF variability
of even-Hg isotopes (e.g., Δ200Hg), which is thought to be
produced during photochemical Hg redox reactions at high
altitudes and distinguishable among atmospheric Hg species
[e.g., Δ200Hg of Hg(0) vs GOM and wet deposition].12,20,22,74

Δ200Hg has been used to track the pathways of atmospheric
Hg deposition to Earth surface reservoirs.21,22,75,76 City-specific
mean PBM Δ200Hg obtained in the present study ranged from
0.02 to 0.06‰, while higher values (0.01 to 0.14‰) have been
reported from rural areas in China (n = 3), a coastal site in the
United States, and over oceans (Figure 5).27−30 PBM in the

atmosphere is sourced from primary anthropogenic PBM
emissions, gas-particle partitioning of GOM emitted from
anthropogenic sources, and gas-particle partitioning of GOM
produced during atmospheric Hg(0) oxidation. PBM and
GOM directly emitted from anthropogenic sources are
expected to have Δ200Hg values around 0.00 ± 0.03‰.60,77

The positive shift in the observed Δ200HgPBM (higher values
than ∼0.00‰ mentioned above) could be mainly caused by
gas-particle partitioning of GOM produced by Hg(0)
oxidation, which is observed to carry significantly positive
Δ200Hg values.22,27 Here we use Δ200Hg to estimate the
fraction of PBM sourced from atmospheric Hg(0) oxidation
(FHg(0)‑oxidation) based on eqs 3 and 4.

Δ = × Δ

+

× Δ

‐ ‐

‐

F

F

Hg H

g

Hg

200
sample (anthropogenic)

200

PBM & GOM anthropogenic (Hg(0) oxidation)

200
(Hg(0) oxidation) (3)

+ =‐F F 1(anthropogenic) (Hg(0) oxidation) (4)

where Δ200Hgsample is the observed Δ200Hg values of PBM
samples, Δ200HgPBM&GOM‑anthropogenic is the Δ200Hg values of
anthropogenic emitted PBM and GOM, Δ200HgHg(0)‑oxidation is
the Δ200Hg signature of GOM produced by Hg(0) oxidation,
and Fanthropogenic and FHg(0)‑oxidation are the fractions of PBM
derived from anthropogenic emissions (PBM and gas-particle
partitioning of GOM emitted from anthropogenic sources)
and gaseous Hg(0) oxidation followed by gas-particle
partitioning of GOM, respectively.
The Δ200Hg signature of GOM produced by Hg(0)

oxidation (Δ200HgHg(0)‑oxidation) is estimated to be 0.15 ±
0.06‰ based on observations in the free troposphere,22 and

Figure 5. Summary of mean (±1sd) Δ200Hg values of PBM, free
tropospheric GOM, and background precipitation in different regions
worldwide. Data are from this study and the literature.22,25−30,76

Green circles indicate the mean PBM Δ200Hg values at individual sites
(n = 20).
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this value is close to the mean Δ200Hg of precipitation at global
background sites (0.16‰),76 which dominantly originated
from the removal of GOM produced in the free tropo-
sphere.3,78 Figure 5 shows the mean Δ200Hg values of PBM,
GOM, and precipitation at global sites excluding the polar
region, where the near-zero Δ200Hg values of PBM are due to
insufficient understanding of transformation mechanisms.31,32

Hence, the mean fractions (±1sd) of PBM sourced from
atmospheric Hg(0) oxidation followed by gas-particle parti-
tioning of GOM were estimated to be 42 ± 25, 35 ± 24, 52 ±
26, 46 ± 26, and 60 ± 25% in urban China, urban South Asia,
rural China, Asian seas, and North American, respectively,
using Monte Carlo simulation (Text S3 and Figures S8 and
S9). A combination of the above results yields a mean fraction
(±1sd) of 47 ± 22% for the PBM sourced from atmospheric
Hg(0) oxidation. This, together with the dominant contribu-
tion of Hg(0) oxidation to PBM in the polar region,32 suggests
that PBM is potentially an important sink for Hg(0) in the
global atmosphere. For example, given the contributions of
atmospheric Hg(0) oxidation to PBM and a total PBM
deposition of 229 tons/year in China,36 we estimated that
approximately 108 tons of Hg(0) in the atmosphere in China
are removed annually via transformation to PBM, which
accounts for 36% of the anthropogenic Hg(0) emissions in
China.50

4. ENVIRONMENTAL IMPLICATIONS
Aerosols play a crucial role in the biogeochemical cycling of Hg
in the atmosphere,3,8 but the knowledge concerning Hg
chemistry in aerosols is limited.7 PBM has been observed to
frequently carry significantly positive Δ199Hg values, which are
clearly different from the corresponding signature for primary
anthropogenic emissions.23,27,28 Positive Δ199HgPBM signatures
together with a Δ199HgPBM/Δ201HgPBM ratio of ∼1.0 reported
in previous studies indicate that the photoreduction of Hg(II)
occurred in aerosols,24,27,28,33 which is generally accounted for
in modeling studies.3,8 In the present study, we found that the
Δ199HgPBM/Δ201HgPBM ratio varied largely from 0.94 to 1.39 in
10 Chinese megacities and the ratio increased with the mean
Δ199HgPBM value in any individual city during the study period.
We speculated that other reaction processes, including isotope
exchange between Hg(II) and Hg(0), Hg(II) complexation
with thiols, and photochemical oxidation of Hg(0) by reactive
chloride in aerosols, are also potential factors influencing the
odd-MIF of PBM in the present study. This is especially the
case in the urban atmosphere with elevated aerosol contents of
chloride, Fe, and EC. This hypothesis could potentially explain
the observed compounds of Hg in PBM68 and the most
abundant gaseous HgCl2 compound simulated in the
atmosphere.8 Mercury chemistry in aerosols likely produces
Hg compounds with different photochemical behaviors than
those produced via gas-phase chemistry,4,8,70 which therefore
has a potential to influence the photochemistry of atmospheric
Hg. It should be noted that the diagnostic Δ199HgPBM/
Δ201HgPBM ratios at many sites in this and previous studies
resemble those of Hg(II) photoreduction,23,24,27,28 indicating
that the photoreduction of Hg(II) is likely the dominant
mechanism inducing the positive PBM MIF in the continental
atmosphere. It seems to be plausible that the Hg trans-
formation in aerosols is largely influenced by aerosol chemistry
and meteorological parameters, and the PBM isotope
signatures imparted by these processes would differ noticeably
over different time scales and in various atmospheric

environments. The samples in the present study were collected
during short sampling periods, and it is therefore not clear
whether the proposed reaction processes in this study would
be environmentally relevant for the aerosols in the global
atmosphere. In addition, high Δ199Hg/Δ201Hg ratios in the
present study were accompanied by low air temperature and
elevated aerosol contents of chloride, Fe, and EC. Previous
studies found that the odd-MIF during photoreduction could
be affected by Hg(II) complexation to organic ligands, pH, and
dissolved oxygen levels,55,61 whereas the effects of temperature,
halogens (e.g., Cl and Br), Fe, and EC on the odd-MIF during
aqueous/in-aerosol photochemical and non-photochemical
reactions are not well understood. Further studies on PBM
isotope signatures in various atmospheric environments and
fractionation of stable Hg isotope during heterogeneous Hg
reactions in aerosols under various environmental conditions
are needed to improve our knowledge of the physiochemical
reactions of Hg in aerosols.
There is an increasing consensus that Hg(0) in the

atmosphere is more readily deposited to the Earth surface
reservoir than traditionally assumed;75,76,79,80 however, missing
atmospheric Hg oxidation processes may still exist in light of
the fast photolysis of major constituents of gaseous oxidized
Hg.9 Based on the Δ200Hg signatures of speciated atmospheric
Hg, we estimate that an important fraction of PBM (47 ± 22%
on global average) is sourced from Hg(0) oxidation followed
by the partitioning of GOM into aerosols. Previous studies
have revealed that gas-particle partitioning of GOM, which is
from both anthropogenic emission and Hg(0) oxidation, is an
important source of PBM,34 while the present study for the
first time quantified the fraction of PBM sourced from the
atmospheric Hg(0) oxidation process. We caution that, due to
the insufficient knowledge of the even-MIF mechanisms and
signatures associated with atmospheric Hg, our estimate would
have large uncertainties. In the present study, we assume that
the observations of GOM Δ200Hg in the free troposphere is
representative of the Δ200Hg signature of GOM produced by
Hg(0) oxidation throughout the troposphere, and Hg reactions
in aerosols would not likely produce detectable even-MIF.22

This is because Hg(0) oxidation is thought to mostly occur in
the free troposphere, and even-MIF is mainly related to this
process.3,20,22 However, a recent study suggests that the
oxidation of Hg(0) in the marine boundary layer (MBL)
should also be important,8 and it is unclear whether the
Δ200Hg signature of GOM produced in the MBL is close to
that produced in the free troposphere. In addition, although
many experimental studies did not observe detectable even-
MIF during the photoreduction of Hg(II) in water, soot
particles, and soil,11,55,56,61,62 the even-MIF associated with
heterogeneous Hg reactions in aerosols remains poorly
constrained. Therefore, further field and experimental studies
on the MIF of Hg isotopes during atmospheric Hg reactions
are still needed in order to better constrain the physicochem-
ical processes and sources of atmospheric Hg.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.1c08065.

Additional information about the ancillary methodology,
sampling locations, isotopic compositions of PBM, and

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.1c08065
Environ. Sci. Technol. 2022, 56, 5224−5233

5230

https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c08065/suppl_file/es1c08065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c08065/suppl_file/es1c08065_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c08065?goto=supporting-info
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c08065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


relationship analysis between PBM isotopic composi-
tions and ancillary parameters (PDF)

■ AUTHOR INFORMATION

Corresponding Author
Xuewu Fu − State Key Laboratory of Environmental
Geochemistry, Institute of Geochemistry, Chinese Academy of
Sciences, Guiyang 550081, China; orcid.org/0000-0002-
5174-7150; Email: fuxuewu@mail.gyig.ac.cn

Authors
Chen Liu − State Key Laboratory of Environmental
Geochemistry, Institute of Geochemistry, Chinese Academy of
Sciences, Guiyang 550081, China; University of Chinese
Academy of Sciences, Beijing 100049, China

Yue Xu − State Key Laboratory of Environmental
Geochemistry, Institute of Geochemistry, Chinese Academy of
Sciences, Guiyang 550081, China

Hui Zhang − State Key Laboratory of Environmental
Geochemistry, Institute of Geochemistry, Chinese Academy of
Sciences, Guiyang 550081, China; University of Chinese
Academy of Sciences, Beijing 100049, China

Xian Wu − State Key Laboratory of Environmental
Geochemistry, Institute of Geochemistry, Chinese Academy of
Sciences, Guiyang 550081, China; University of Chinese
Academy of Sciences, Beijing 100049, China

Jonas Sommar − State Key Laboratory of Environmental
Geochemistry, Institute of Geochemistry, Chinese Academy of
Sciences, Guiyang 550081, China; orcid.org/0000-0001-
8634-440X

Leiming Zhang − Air Quality Research Division, Science and
Technology Branch, Environment and Climate Change
Canada, Toronto M3H 5T4 Ontario, Canada

Xun Wang − State Key Laboratory of Environmental
Geochemistry, Institute of Geochemistry, Chinese Academy of
Sciences, Guiyang 550081, China; orcid.org/0000-0002-
7407-8965

Xinbin Feng − State Key Laboratory of Environmental
Geochemistry, Institute of Geochemistry, Chinese Academy of
Sciences, Guiyang 550081, China; University of Chinese
Academy of Sciences, Beijing 100049, China; orcid.org/
0000-0002-7462-8998

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.1c08065

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by the National Key R&D Program
of China (2017YFC0212001), the Key Research Program of
Frontier Science, Chinese Academy of Sciences (ZDBS-LY-
DQC029), the National Nature Science Foundation of China
(41921004), and the K. C. Wong Education Foundation. We
thank the following research groups for providing assistance in
PBM sampling in their respective cities: Prof. Gan Zhang from
Guangzhou Institute of Geochemistry, CAS, Guangzhou,
China; Prof. Hai Guo from the Hong Kong Polytechnic
University, Hong Kong, China; and Prof. Hong Gao from
Lanzhou University, Lanzhou, China.

■ REFERENCES
(1) Gustin, M.; Jaffe, D. Reducing the Uncertainty in Measurement
and Understanding of Mercury in the Atmosphere. Environ. Sci.
Technol. 2010, 44, 2222−2227.
(2) Holmes, C. D.; Jacob, D. J.; Corbitt, E. S.; Mao, J.; Yang, X.;
Talbot, R.; Slemr, F. Global atmospheric model for mercury including
oxidation by bromine atoms. Atmos. Chem. Phys. 2010, 10, 12037−
12057.
(3) Horowitz, H. M.; Jacob, D. J.; Zhang, Y.; Dibble, T. S.; Slemr, F.;
Amos, H. M.; Schmidt, J. A.; Corbitt, E. S.; Marais, E. A.; Sunderland,
E. M. A new mechanism for atmospheric mercury redox chemistry:
implications for the global mercury budget. Atmos. Chem. Phys. 2017,
17, 6353−6371.
(4) Saiz-Lopez, A.; Sitkiewicz, S. P.; Roca-Sanjuán, D.; Oliva-Enrich,
J. M.; Dávalos, J. Z.; Notario, R.; Jiskra, M.; Xu, Y.; Wang, F.;
Thackray, C. P.; Sunderland, E. M.; Jacob, D. J.; Travnikov, O.;
Cuevas, C. A.; Acuna, A. U.; Acuña, D.; Plane, J. M. C.; Kinnison, D.
E.; Sonke, J. E. Photoreduction of gaseous oxidized mercury changes
global atmospheric mercury speciation, transport and deposition. Nat.
Commun. 2018, 9, 4796.
(5) Obrist, D.; Tas, E.; Peleg, M.; Matveev, V.; Faïn, X.; Asaf, D.;
Luria, M. Bromine-induced oxidation of mercury in the mid-latitude
atmosphere. Nat. Geosci. 2011, 4, 22−26.
(6) Lyman, S. N.; Jaffe, D. A. Formation and fate of oxidized
mercury in the upper troposphere and lower stratosphere. Nat. Geosci.
2012, 5, 114−117.
(7) Ariya, P. A.; Amyot, M.; Dastoor, A.; Deeds, D.; Feinberg, A.;
Kos, G.; Poulain, A.; Ryjkov, A.; Semeniuk, K.; Subir, M.; Toyota, K.
Mercury Physicochemical and Biogeochemical Transformation in the
Atmosphere and at Atmospheric Interfaces: A Review and Future
Directions. Chem. Rev. 2015, 115, 3760−3802.
(8) Shah, V.; Jacob, D. J.; Thackray, C. P.; Wang, X.; Sunderland, E.
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