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Abstract Characterizing the speciation and isotope signatures of atmospheric mercury (Hg) downwind of
mainland China is critical to understanding the outflow of Hg emission and the contributing sources. In this
study, we measured the concentrations of gaseous elemental mercury (GEM), particulate bound mercury,
gaseous oxidized mercury, and the GEM isotopic composition in the marine boundary layer of East China Sea
from October 2013 to January 2014. Mean (±1σ) GEM, particulate bound mercury, and gaseous oxidized
mercury concentrationswere 2.25 ± 1.03 ng/m3, 26 ± 38 pg/m3, and 8 ± 10 pg/m3, respectively. Most events of
elevatedGEMare associatedwith the outflowof Hg emissions inmainland China. The 24- and 48-hr integrated
GEM samples showed large variations in both δ202Hg (�1.63‰ to 0.34‰) and Δ199Hg (�0.26‰ to�0.02‰).
GEM δ202Hg and Δ199Hg were negatively and positively correlated to its atmospheric concentrations,
respectively, suggesting a binary physical mixing of regional background GEM and Hg emissions in mainland
China. Using a binary mixing model, highly negative δ202Hg (�1.79 ± 0.24‰, 1σ) and near-zero Δ199Hg
(0.02 ± 0.04‰, 1σ) signatures for China GEMemissions are predicted. Such isotopic signatures are significantly
different from those found in North America and Europe and the background global/regional atmospheric
GEM pool. It is likely that emissions from industrial and residential coal combustion (lacking conventional air
pollutant control devices), cement and mercury production, biomass burning, and soil emissions contributed
significantly to the estimated isotope signatures of GEM emissions in China.

1. Introduction

Mercury (Hg) is a toxic pollutant to humans and wildlife. The levels and isotopic compositions of Hg in the
Earth’s surface reservoirs largely depend on the transformation and transport of Hg in the atmosphere
(Blum et al., 2014; Lamborg et al., 2014). Both anthropogenic and natural sources contribute to Hg release into
the atmosphere. Anthropogenic sources emit 1,900–2,300 tons of Hg annually (Pacyna et al., 2010; Pirrone
et al., 2010), representing approximately one third of global total Hg emissions, whereas the remaining frac-
tion comes from natural sources and reemission of deposited Hg (Selin et al., 2007). Atmospheric Hg occurs
predominantly in the formof gaseous elementalmercury (GEM), while other forms including gaseous oxidized
mercury (GOM) and particulate bound mercury (PBM) generally account for <10% of total Hg in the atmo-
sphere (Gustin et al., 2015). Because of its mild reactivity, high volatility, and low water solubility, GEM is fairly
stable with an atmospheric lifetime of several months to a year and can spread globally before deposited to
the Earth’s surfaces (Lindberg et al., 2007). In contrast, GOMandPBMhavemuchhigher dry deposition velocity
and water solubility and can be readily removed from the atmosphere (Wright et al., 2016; Zhang et al., 2016).

Hg has seven stable isotopes with atomic mass ranging from 196 to 204 (Bergquist & Blum, 2007). Since the
development of multicollector inductively coupled plasma mass spectrometry (MC-ICPMS) method and
improvements of sample collection and processing, important advances have been achieved in the measure-
ment of Hg isotopic compositions in geogenic and environmental samples (Blum et al., 2014). The reported
mass-dependent Hg isotope fractionation (MDF, δ202Hg signature) and mass-independent fractionation (MIF,
Δ199Hg, Δ201Hg signatures) of odd Hg isotopes varied significantly in a range exceeding 10‰ (Blum et al.,
2014; Sonke & Blum, 2013). The observed fractionation and variability have been attributed to environmental
processes including reduction/oxidation, methylation/demethylation, adsorption/desorption, or evaporation
(Bergquist & Blum, 2007; Estrade et al., 2009; Kritee et al., 2008; Rodriguez-Gonzalez et al., 2009; Wiederhold
et al., 2009; Zheng et al., 2007; Zheng & Hintelmann, 2009). The unusual MIF of even Hg isotopes (Δ200Hg,
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Δ204Hg signatures) has been also observed in precipitation and atmospheric GEM, PBM, and GOM (Chen et al.,
2012; Demers et al., 2013; Gratz et al., 2010; Rolison et al., 2013). Although the environmental processes driving
the MDF andMIF of Hg isotopes need to be further investigated, the isotopic signature serves as an important
signal for tracing the sources, transformation, and cycling of Hg in the environment (Blum et al., 2014).

Recently, several studies have reported isotopic compositions of total gaseous mercury (TGM = GEM + GOM)
in the planetary boundary layer (PBL) and in the free troposphere in North America and Europe (Demers et al.,
2013, 2015; Enrico et al., 2016; Fu, Marusczak, Wang, et al., 2016; Gratz et al., 2010; Obrist et al., 2017; Sherman
et al., 2010). These studies found that δ202Hg of TGM from anthropogenic sources is lower than the value
observed in the background atmospheric Hg pool, which is characterized by moderately positive δ202Hg
values (Demers et al., 2015; Fu, Marusczak, Wang, et al., 2016; Gratz et al., 2010). Processes including foliar
uptake and oxidation of atmospheric GEM have been suggested to be responsible for the positive δ202Hg
of TGM in the global Hg background (Demers et al., 2013; Fu, Marusczak, Wang, et al., 2016). China is the
single largest source country of atmospheric Hg in the world (Pacyna et al., 2010; Pirrone et al., 2010), and
therefore, its emissions play an important role in the global cycling of atmospheric Hg. As a newly industria-
lizing country, proportion of anthropogenic Hg emissions from various source sectors in China are different
from those in Europe and North America. For example, emission from coal-fired power plants (CFPPs) is the
dominant anthropogenic Hg source in Europe and North America, accounting for 55–70% of the total anthro-
pogenic Hg emissions in these regions (Muntean et al., 2014), and these values are much higher than that
(18.8%) in China (Zhang et al., 2015). In China, anthropogenic Hg emissions are mainly derived from industrial
and residential coal combustion, nonferrous metal smelting, and cement production, accounting for 63.3% of
the total anthropogenic Hg emissions (Zhang et al., 2015). Isotopic signatures of Hg emitted anthropogenic
sources could be influenced by the isotopic signatures of Hg in different source materials and air pollution
control devices (APCDs; Sun, Heimburger, et al., 2013; Sun et al., 2016). Application rates of APCDs in industrial
and residential coal combustion are much lower than CFPPs (Wu et al., 2016) and would therefore not induce
significant positive shifts of δ202Hg of emitted GEM relative to feed source materials as that of CFPPs (Sun
et al., 2016). Isotopic compositions of GEM emitted from zinc smelting and cement production were esti-
mated to have much more negative δ202Hg values than that emitted from CFPPs (Sun et al., 2016; Tang
et al., 2017). As a consequence, isotopic signatures of Hg emitted from Chinese anthropogenic sources would
differ from those in North America and Europe. Hence, there is a need to study the isotopic compositions of
atmospheric Hg in China for characterizing the isotopic compositions of Hg emissions in China and back-
ground regional atmospheric Hg pool, which in turn helps to understand the impact of Chinese emission
on regional/global atmospheric Hg budget.

Dynamics of atmospheric Hg in the marine boundary layer (MBL) is of interest because of the large fraction of
GEM emitted from the ocean and the enhanced atmospheric GEM oxidation (Laurier et al., 2003; Mao et al.,
2016; Strode et al., 2007; Wang et al., 2014). A pervious TGM isotope study in the Grand Bay, Mississippi, USA,
showed highly negative δ202Hg (<2‰) in oceanic air masses, reflecting photoreduction, and evasion of Hg
from the ocean (Rolison et al., 2013). Recent studies in the coastal Pensacola, Florida, USA, and the Pic du
Midi Observatory, France, however, suggest that oceanic air mass is characterized by moderate positive
TGM δ202Hg (means of 0.77‰ and 0.43‰, respectively; Demers et al., 2015; Fu, Marusczak, Wang, et al.,
2016), which were likely a result of atmospheric oxidation that increases GEM δ202Hg in the heavier isotopes
(Fu, Marusczak, Wang, et al., 2016).

In the present study, concentrations and isotopic composition of atmospheric GEM were measured at
Huaniao Island (HNI) in the MBL of East China Sea (ECS). To the best of our knowledge, this is the first study
to directly measure GEM isotopic composition in the MBL. HNI regularly receives Hg-polluted air masses ori-
ginated from the PBL of mainland China and clean air masses from the West Pacific Ocean (Figure S1). The
observations provide an insight into the isotopic signatures of Hg sources in mainland China and the back-
ground atmospheric Hg pool in East Asia as well as the sources of atmospheric Hg in the MBL of ECS.

2. Materials and Methods
2.1. Site Description

HNI (30.86°N, 122.67°E) is a small island (3.2 km2) located in the ECS and approximately 66 km east of shore of
Shanghai (Figure S1). The sampling site was located on the north edge of HNI and approximately 50 m from
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the ocean. There were no industrial activities and fossil fuel consumption at HNI. The population in HNI is
~800 and mostly concentrated in the southwest of HNI, which plays a minor role in the observations under
the dominant northwestern monsoonal wind during the study period.

2.2. Atmospheric Hg Speciation Measurements

Atmospheric GEM, PBM, and GOM at 5 m above ground level were continuously measured using the Tekran®
2537/1130/1135 system (Tekran Inc., Canada) from 22 October 2013 to 6 January 2014 (Malcolm et al., 2003).
Atmospheric GOM and PBM were collected onto KCl-coated annular denuder and quartz fiber filter in
sequence at 1-hr intervals at a volumetric flow rate of 10 L/min (LPM). During the collection of GOM and
PBM, GEM was trapped by dual gold cartridges at 5-min interval at a mass flow rate of 1.0 LPM and subse-
quently thermally decomposed and detected by the cold vapor atomic fluorescence spectroscopy (CVAFS).
Once collected, GOM and PBM are thermally decomposed from each unit and detected by CVAFS as Hg0.
KCl-coated denuder, Teflon coated glass inlet, and impactor plate were replaced every 10 days, and quartz
filters were replaced every 20 days. Denuders and quartz filters were prepared and cleaned before field sam-
pling following the methods in Tekran technical notes. The Tekran® 2537 analyzer was routinely calibrated
using its internal permeation source at a 47-hr interval.

2.3. Backward Trajectory and Potential Source Identification at HNI

The potential source regions of elevated atmospheric GEM (>1.5 ng/m3) observed at HNI are identified
using a Potential Source Contribution Function (PSCF) approach (Fu, Marusczak, Heimburger, et al.,
2016), based on the every 2-hr calculations of seven-day backward trajectories ending at HNI using the
TrajStat Geographical Information System based software (Wang et al., 2009). The criterion of the elevated
GEM (>1.5 ng/m3) is when the concentration is greater than the background GEM concentrations in the
Northern Hemisphere (Sprovieri et al., 2016). We also identified the potential source regions of low
atmospheric GEM (<1.5 ng/m3) at HNI using the PSCF approach. To differentiate from the potential source
regions associated with elevated atmospheric GEM (indicated by the PSCF values), the potential source
regions of low atmospheric GEM are indicated by Potential Background Contribution Function (PBCF)
values. Fractional atmospheric air masses residence time (ARTs, i.e., the percent of time an air mass spent
over different regions) over mainland China, other continents in Asia (including Russia), and oceans (mostly
of the ECS, Yellow Sea, and West Pacific Ocean) were estimated from seven-day backward trajectories. The
three-dimensional locations of air masses predicted by backward trajectory have an uncertainty of up to
40% for seven-day trajectories (Engstrom & Magnusson, 2009). However, given the large number of
trajectory endpoints utilized in PSCF and PBCF modeling, the uncertainty of the locations of identified
source region is substantially reduced. Besides, the “trailing effect,” selection of concentration threshold,
transformation, and deposition of atmospheric Hg during transport can affect the PSCF and PBCF
receptor model (Cheng et al., 2015), which were not evaluated in the present study. Therefore, the identi-
fied source regions of elevated and low atmospheric GEM should be regarded as potential source
contributors only.

2.4. GEM Collections and Processing for Isotope Analysis

TGM at HNI was collected on chlorine-impregnated activated carbon (CLC, 1.0 g) traps at volumetric flow
rates of 10–12 LPM. Detailed information regarding the preparation of CLC can be found in Fu et al.
(2014). Atmospheric TGM consists of GEM and GOM. Under the sampling conditions (24 and 48 hr) in this
study, GOM generally made up a small portion of TGM (on average 0.35% of TGM and never exceeds
1.3%). Recent studies suggested that GOM concentrations measured by KCl-coated denuders can be under-
estimated by a factor of 2 to 3 (Gustin et al., 2015). The average fraction of GOM in TGM could therefore
increase up 1.0% and temporarily up to 3.9%. Therefore, the minor fraction of GOM in TGM at HNI is unlikely
to bias the measured TGM isotopic composition, which is equivalent to the GEM isotopic compositions.
Blanks of the CLC traps were determined with values <0.4 ng (n = 8), negligible compared to the amount
of GEM collected during field sampling (10–55.3 ng Hg per sample). GEM collection recoveries of the CLC
traps at flow rates of 10–12 LPM were determined by measuring the breakthrough of GEM during a sam-
pling period of 24 hr (i.e., we used a CLC trap that consists of two sections within the same trap to estimate
the GEM sampling efficiency. The second section (downstream of the first section which contains 1.0 g of
CLC) containing of 0.2 g of CLC was used to measure breakthrough concentrations. The collection
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efficiency can be defined as GEM concentrations measured by the first section relative to the sum of first
and second sections. The collection recoveries of the CLC traps were in the range of 97.4–99.8% (mean
[±1σ] = 98.4 ± 1.0% [n = 6]). Atmospheric particles were removed using a 47-mm diameter Teflon filter (pore
size 0.2 μm) installed at the inlet of CLC traps. CLC traps were kept warm (50–70 °C) during sampling to avoid
water condensation. Sampling of GEM isotopes was conducted from 21 October to 25 November 2014 and
from 13 to 23 December 2014 with sampling durations of 24 and 48 hr, respectively. After the field sampling,
CLC traps were sealed carefully and kept in a clean environment until preconcentration into trap solutions
for Hg isotope analysis.

GEM collected on CLC traps was preconcentrated into 5–10 ml of 40% mixed acid solution (v/v, 2HNO3/
1HCl) using a double-stage combustion protocol described before for Hg isotope analysis (Biswas et al.,
2008; Sun, Enrico, et al., 2013). Briefly, GEM in CLC traps was thermally released through combustion using
a Hg-free oxygen flow (25 ml/min), and then the combustion products were further decomposed in a hot
quartz tube (1000 °C). The combustion released all the Hg in the form of Hg0, which was subsequently
sparged into mixed acid solution. After the completion of the combustion, the trapping bottles and impin-
gers were rinsed 3 times with Milli-Q water. The rinsed water was added to trapping solutions to yield an
acid concentration of ~20% for Hg isotope analysis. The final trapping solutions were kept in a refrigerator
at 2–4 °C until the isotope analysis. Full procedural blanks of the combustion system and CLC traps were
investigated by combustion of 1.0 g of CLC and showed a mean (±1σ) of 0.034 ± 0.007 ng/ml (n = 4), which
accounted for a mean (±1σ) of 2.2 ± 0.8% of Hg concentrations in filed sample trapping solutions. The recov-
eries of preconcentration of CLC traps were tested by combusting standard reference material BCR 482
(lichen, 480 ng/g) using the same combustion protocol of CLC traps. Mean (±1σ) recoveries of the combus-
tion was 94.3 ± 3.6% (n = 4).

2.5. Mercury Isotope Analysis

Hg isotope ratios were measured using cold vapor MC-ICPMS (Thermo-Finnigan Neptune) at the State Key
Laboratory of Ore Deposit Geochemistry, CAS, Guiyang, China, following the method described in a
previous study (Yin et al., 2010). Instrumental mass bias of MC-ICPMS was corrected by standard-
sample-standard bracketing using NIST 3133 Hg at matching concentrations. Hg isotopic composition is
reported in delta notation (δ) in per mil referenced to the bracketed NIST 3133 Hg standard (Blum &
Bergquist, 2007):

δxxxHg ¼
xxxHg198Hg
� �

sample
xxxHg198Hg
� �

SRM3133

� 1

 !
�1000‰ (1)

MIF values are expressed by “capital delta (Δ)” notation (‰), which is the difference between the measured
values of δ199Hg, δ200Hg, δ201Hg, and those predicted from δ202Hg using the kinetic MDF law (Blum &
Bergquist, 2007):

Δ199Hg ‰ð Þ ¼ δ199Hg� 0:252�δ202Hg
� �

(2)

Δ200Hg ‰ð Þ ¼ δ200Hg� 0:502�δ202Hg
� �

(3)

Δ201Hg ‰ð Þ ¼ δ201Hg� 0:752�δ202Hg
� �

(4)

The analytical uncertainty of isotopic analysis was obtained by repeated analysis of the UM-Almaden stan-
dard over different analysis. The overall mean (±2σ) values of δ202Hg, Δ199Hg, Δ200Hg, and Δ201Hg for all
the UM-Almaden standards were �0.54 ± 0.08‰, �0.01 ± 0.06‰, 0.01 ± 0.06‰, and �0.01 ± 0.08‰
(n = 15), respectively, in excellent agreement with previously reported values (Blum & Bergquist, 2007).
Mean (±2σ) values of δ202Hg, Δ199Hg, Δ200Hg, and Δ201Hg for the standard reference material BCR 482 were
�1.65 ± 0.17‰, �0.61 ± 0.06‰, 0.07 ± 0.03‰, and �0.64 ± 0.10‰ (n = 4), which were comparable with lit-
erature data (Estrade et al., 2010). The analytical uncertainty of isotopic composition of GEM samples in this
study is represented as the larger 2σ values from either the analytical replicates or the measurements of UM-
Almaden standards.
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3. Results and Discussion
3.1. Hg Speciation and Sources

Mean (±1σ) atmospheric GEM, PBM, and GOM concentrations at HNI during the study period were
2.25 ± 1.03 ng/m3, 26 ± 38 pg/m3, and 8 ± 10 pg/m3, respectively. Atmospheric Hg varied significantly with
the maximum GEM (5-min mean), PBM (hourly mean), and GOM (hourly mean) concentrations of 13.9 ng/m3,
422 pg/m3, and 97 pg/m3, respectively (Figure S2). The mean GEM, PBM, and GOM levels at HNI were consis-
tent with observations in remote areas of China (Fu et al., 2015) but relatively higher than those observed in
MBL in the North Pacific Ocean, Mediterranean Sea, East Pacific Ocean, Subtropical Atlantic Ocean, and South
Indian Ocean (GEM = 0.85 to 2.04 ng/m3, PBM = 1 to 3 pg/m3, and GOM = 2 to 8 pg/m3; Chand et al., 2008;
Laurier & Mason, 2007; Mao et al., 2016; Slemr et al., 2015; Sprovieri et al., 2003; Wang et al., 2014).

Our measurements reveal that outflow of Hg frommainland China was the major source of atmospheric GEM
at HNI (Figure 1). The major source regions of elevated atmospheric GEM at HNI were dominantly from the
PBL over eastern and central China, including Shanghai metropolitan area, Jiangsu, Zhejiang, Anhui,
Shandong, Henan, Hubei, and Jiangxi provinces (Figures 1 and S3). The total anthropogenic Hg emissions
in these regions were estimated to be 208 tons in 2010, accounting for 39.3% of the total anthropogenic
Hg emissions in China (Zhang et al., 2015). On the other hand, low atmospheric GEM at HNI was mostly
associated with air mass from the open seas of ECS, the Yellow Sea, and the free troposphere over
Northeast Asia (Figures 1 and S3).

3.2. GEM Isotopic Compositions

Isotopic compositions of atmospheric GEM at HNI (n = 34) varied from �1.63‰ to 0.34‰ (mean
[±1σ] = �0.21 ± 0.39‰) for δ202Hg, �0.26‰ to �0.02‰ (mean [±1σ] = �0.16 ± 0.06‰) for Δ199Hg,
�0.11‰ to 0.03‰ (mean [±1σ] = �0.06 ± 0.03‰) for Δ200Hg, and �0.32‰ to 0.08‰ (mean
[±1σ] = �0.18 ± 0.08‰) for Δ201Hg (Figure 2 and Table S1). A comparison of the isotopic compositions of
atmospheric TGM/GEM between this and previous studies is shown in Table S2 in the supporting information
(Demers et al., 2013, 2015; Enrico et al., 2016; Fu, Marusczak, Wang, et al., 2016; Fu, Zhu, et al., 2016; Gratz et al.,
2010; Obrist et al., 2017; Rolison et al., 2013; Sherman et al., 2010; Xu et al., 2017; Yu et al., 2016). The δ202Hg
values of GEM at HNI were much lower than those measured in the free troposphere of Pic du Midi
Observatory (mean [±1σ] = 0.17 ± 0.14‰) and forested Pinet peat bog (mean [±1σ] = 1.19 ± 0.13‰) in
France and those in the Great Lakes region (mean [±1σ] = 0.21 ± 0.30‰), Wisconsin forest (mean
[±1σ] = 0.75 ± 0.24‰), coastal region of Pensacola, Florida (mean [±1σ] = 0.84 ± 0.25‰), and Alaska (mean
[±1σ] = 0.67 ± 0.09‰) in the United States (Demers et al., 2013, 2015; Enrico et al., 2016; Fu, Marusczak, Wang,
et al., 2016; Gratz et al., 2010; Obrist et al., 2017) but higher than or comparable to those measured in urban
Beijing (mean [±1σ] = �0.73 ± 0.57‰), Guiyang (mean [±1σ] = �0.56 ± 0.21‰), and Xi’an (mean
[±1σ] = �0.08 ± 0.41‰), China (Xu et al., 2017; Yu et al., 2016). The Δ199Hg values of GEM at HNI were com-
parable to the observations at remote sites in the United States (e.g., the Great Lake region, mean
[±1σ] = �0.12 ± 0.06‰; Wisconsin forest, mean [±1σ] = �0.19 ± 0.03‰; coastal region of Pensacola,
Florida, mean [±1σ] = �0.23 ± 0.05‰; and Alaska, mean [±1σ] = �0.25 ± 0.04‰) and France (e.g., the
Pic du Midi Observatory, mean [±1σ] = �0.21 ± 0.03‰, and forested Pinet peat bog, mean
[±1σ] = �0.17 ± 0.07‰; Demers et al., 2013, 2015; Enrico et al., 2016; Fu, Marusczak, Wang, et al., 2016;
Gratz et al., 2010; Obrist et al., 2017) but slightly lower than those measured in urban Beijing (mean
[±1σ] = �0.03 ± 0.07‰), Guiyang (mean [±1σ] = 0.04 ± 0.05‰), and Xi’an (mean [±1σ] = 0 ± 0.04‰),
China (Xu et al., 2017; Yu et al., 2016).

Global observations indicate significant variations in δ202Hg (�2.03 to 1.43‰) and Δ199Hg (�0.31 to 0.15‰).
Regional mean GEM δ202Hg rank in a descending order at U.S. remote sites, European remote sites, MBL of
ECS, and then Chinese urban sites, whereas global spatial variations of GEMΔ199Hg are in a reverse order with
more negative Δ199Hg observed in the United States and at remote European sites, and Δ199Hg near zero in
Chinese urban areas (Figure 2). These variations can be attributed to a number of reasons including the dif-
ferent proportions of background global atmospheric Hg pool and regional emissions contributing to the
atmospheric GEM budget, in situ atmospheric Hg transformations, and the specific isotopic signatures of
Hg emissions from different regions. Due to the large domestic anthropogenic Hg emissions, modeling stu-
dies estimated that local anthropogenic sources contributed at least 30% to the surface GEM concentrations
in mainland China, and this value is higher than that in the nearshore zone and open seas of ECS (10–30%),
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Europe (11.3%), and North America (5.5%; Chen et al., 2015, 2014). GEM originated from global
anthropogenic sources has moderately negative δ202Hg (mean = �0.59‰) and Δ199Hg close to zero
(mean = �0.02‰; Sun et al., 2016), which are significantly lower and higher than the δ202Hg (mean
[±1σ] = 0.84 ± 0.22‰) and Δ199Hg (mean [±1σ] = �0.21 ± 0.04‰) of atmospheric GEM observed in remote
areas not affected by direct anthropogenic emissions (e.g., Wisconsin forest, coastal region of Pensacola
impacted by oceanic and free tropospheric air, and Alaska in the United States and forested Pinet
peat bog in France), respectively (Demers et al., 2013, 2015; Enrico et al., 2016; Obrist et al., 2017).
Therefore, the large proportions of local anthropogenic emissions in atmospheric GEM budget in mainland
China and MBL of ECS drive the GEM isotopic compositions toward lower δ202Hg and higher Δ199Hg values.
GEM isotopic compositions could also be modified by natural environmental processes. Atmospheric GEM in
forests worldwide generally had positive δ202Hg values mainly due to the preferential uptake of lighter

Figure 1. Potential source regions associated with (a) elevated atmospheric GEM concentrations (>1.5 ng/m3) and (b) low
atmospheric GEM concentration (<1.5 ng/m3) at HNI, ECS.

10.1029/2018JD028671Journal of Geophysical Research: Atmospheres

FU ET AL. 7661



isotopes by foliage (Demers et al., 2013; Enrico et al., 2016; Fu, Zhu,
et al., 2016). Oceanic emission and oxidation of atmospheric GEM are
the two important processes influencing the atmospheric GEM
dynamics in MBL. Modeled contribution of oceanic emission to
atmospheric GEM concentrations in the MBL of ECS is ranging from
20 to 40% (Soerensen et al., 2010). The isotopic composition of GEM
emitted from ocean is poorly constrained. However, previous studies
analyzed the air masses from ocean and suggested that GEM in MBL
was characterized by moderately positive δ202Hg values (Demers
et al., 2015; Fu, Marusczak, Wang, et al., 2016). Hence, mixing of clean
oceanic air masses would probably result in higher δ202HgGEM at HNI
compared to Chinese urban areas. It should also be noted that two
GEM samples at HNI were observed with δ202Hg values (�1.09‰ and
�1.63‰) significantly lower than the average δ202Hg (�0.59‰) of
global anthropogenic emission sources. These samples were mainly
impacted by outflow of Hg from mainland China and indicated that
Hg emissions from mainland China may have much lower δ202Hg
values relative to the mean of global anthropogenic emission sources,
which is further discussed in the following sections.

3.3. Relationship Between Concentrations of Atmospheric Hg and
GEM Isotopic Composition

The δ202Hg of GEMwas negatively correlated with GEM concentrations,
while the Δ199HgGEM showed positive correlation with GEM concentra-
tions at HNI during the study period (Figure 3). The correlations suggest

a binary mixing of end-member sources, with one end-member characterized as elevated GEM concentra-
tions, highly negative GEM δ202Hg, and near-zero GEM Δ199Hg values and the other end-member character-
ized as low GEM concentrations, moderately positive GEM δ202Hg, and negative GEM Δ199Hg values. A recent
GEM isotope study at the Pic du Midi Observatory, France, observed higher GEM δ202Hg for free tropospheric
Atlantic Ocean air masses with elevated GOM concentrations but not for the Atlantic MBL air masses (Fu,
Marusczak, Wang, et al., 2016). In this study, no significant relationship was found between atmospheric
GOM concentrations and Δ199HgGEM or δ202HgGEM (Figure S4; p values for both >0.05). This suggests that

Figure 2. Mass-dependent (δ202Hg) and mass-independent (Δ199Hg) isotope
signatures of atmospheric TGM/GEM and source materials (e.g., China, United
States, and European feed coal and China zinc ores) worldwide. The error bar on
δ202Hg and Δ199Hg of atmospheric GEM at HNI and source materials indicates
2σ and 1σ of isotopic measurement, respectively. The black line represents
the relationship between GEM δ202Hg and Δ199Hg for the global observations.
Data are from this study and the literature (Demers et al., 2013, 2015; Enrico et al.,
2016; Fu, Marusczak, Wang, et al., 2016; Fu, Zhu, et al., 2016; Gratz et al., 2010;
Lefticariu et al., 2011; Obrist et al., 2017; Sun et al., 2014; Yin et al., 2014, 2016; Yu
et al., 2016).

Figure 3. Relationship between atmospheric GEM concentrations and (a) GEM δ202Hg and (b) GEM Δ199Hg (error bars
on GEM δ202Hg and Δ199Hg indicates 2σ uncertainty) in this study, Europe, North America, and Arctic. Data are from
this study and the literature (Demers et al., 2013, 2015; Enrico et al., 2016; Fu, Marusczak, Wang, et al., 2016; Obrist
et al., 2017).
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mixing of sources and/or air masses rather than atmospheric GEM oxidation was the main cause for the var-
iation of GEM isotopic compositions in the MBL of ECS.

During the campaign at HNI, air masses mainly originated frommainland China (mean fractional ARTs = 25%),
other Asian regions (mean fractional ARTs = 41%), and oceans (e.g., ECS, Yellow Sea, and West Pacific Ocean,
mean fractional ARTs = 34%). Identified potential source regions suggested that elevated GEM concentra-
tions at HNI were mostly associated with the outflow from mainland China (Figure 1). In addition, the GEM
δ202Hg values were significantly negatively correlated with fractional Chinese ARTs (r2 = 0.31, p < 0.01)
and no significant relationship existed between GEM Δ199Hg values and fractional Chinese ARTs (r2 = 0.05,
p = 0.21; Figure S5). Due to the impacts of domestic emissions, previous studies in urban China observed
highly elevated GEM concentrations (mean [±1σ] = 9.20 ± 7.56 ng/m3), negative GEM δ202Hg (mean
[±1σ] = �0.40 ± 0.51‰), and near-zero GEM Δ199Hg (mean [±1σ] = 0.00 ± 0.06‰; Fu et al., 2015; Xu et al.,
2017; Yu et al., 2016). These findings suggest that Chinese emissions represented an end-member source
at HNI (hereafter, referred to as Chinese sources, characterized by elevated GEM concentration, highly nega-
tive GEM δ202Hg, and near-zero GEM Δ199Hg). In contrast, low GEM concentrations at HNI were mainly asso-
ciated with air masses from open seas of ECS and Yellow Sea and the Asian free troposphere (Figure 1). This is
consistent with previous modeling results that atmospheric GEM concentrations in these regions ranged
from 1.2 to 1.6 ng/m3 (Lin et al., 2010; Pan et al., 2010). Based on the correlations between GEM concentra-
tions and GEM isotopic compositions observed in this study, it is likely that open seas and the Asian free tro-
posphere represented the other end-member source at HNI (hereafter, referred to as regional background,
characterized by low GEM concentration, moderately positive δ202HgGEM, and negative Δ199HgGEM). These
regions receive little (e.g., <20%) influence from anthropogenic emissions and therefore represent regional
background atmospheric pool (Pan et al., 2010). Clear difference in GEM isotope MDF (δ202Hg) signatures
between emission sources and regional background atmospheric pool has been observed in Europe and
North America (Demers et al., 2015; Fu, Marusczak, Wang, et al., 2016; Gratz et al., 2010). To our knowledge,
this is the first study identifying that distinguishable MDF (δ202Hg) and MIF (Δ199Hg) signatures of GEM exist
between emission sources in mainland China and the background atmospheric pool in East Asia.

Similar relationships between GEM concentrations and GEM δ202Hg were also observed in North America and
Europe (Figure 3). Observations in North America and Europe generally showed lower GEM concentrations
(0.84 to 1.99 ng/m3), positive GEM δ202Hg, and moderately negative Δ199Hg (Demers et al., 2013, 2015;
Enrico et al., 2016; Fu, Marusczak, Wang, et al., 2016; Obrist et al., 2017), while observations in this study
showed higher GEM concentrations (1.53 to 3.72 ng/m3), lower GEM δ202Hg, and higher Δ199Hg values.
The correlation slopes of δ202Hg/GEMconc. (�0.61 ± 0.08‰/(ng/m3)) and Δ199Hg/GEMconc. (0.07 ± 0.02‰/
ng/m3) in ECS differ from those in Europe (δ202Hg/GEMconc. correlation slope = �1.42 ± 0.12‰/ng/m3; and
no significant relationship existed between GEM Δ199Hg and concentrations) and North America (no signifi-
cant relationship existed between GEM δ202Hg, Δ199Hg, and GEM concentrations; Figure 3). It should be
noted that 70% of the GEM samples in North America and Europe had concentrations lower than the back-
ground values (1.53 ng/m3) in the Northern Hemisphere (Sprovieri et al., 2016), whereas all the GEM samples
at HNI had concentrations higher than the background in the North Hemisphere (Figure 3). The sampling
sites in North America and Europe were mostly located in the vegetation-covered regions (e.g., forest and
tundra) and/or free troposphere. In these regions, atmospheric transformations including foliar uptake and
atmospheric oxidation could deplete GEM concentration quickly (Fu, Zhu, et al., 2016; Swartzendruber
et al., 2006), and consequently resulted in GEM concentrations lower than the background in the North
Hemisphere. At the same time, foliar uptake and atmospheric oxidation of GEM could shift the GEM isotopic
compositions toward higher δ202Hg values (Demers et al., 2013; Enrico et al., 2016; Fu, Marusczak, Wang, et al.,
2016). Therefore, atmospheric transformations should play a more important role in regulating the correla-
tion slopes of δ202Hg/GEMconc. in Europe and North America than mixing of sources. This is different from
HNI where mixing of sources played a more important role.

3.4. Probing Isotopic Composition of GEM Emissions in China and Regional Background Atmospheric
GEM Pool

The isotopic compositions of GEM emissions in mainland China and regional background atmospheric GEM
pool (e.g., the open seas and free troposphere in East Asia) end-members are estimated using the linearized
δ202Hg versus 1/GEMconc. and Δ199Hg versus 1/GEM conc. physical mixing diagrams (Figure 4; Xu et al., 2017).
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Extrapolating 1/GEM conc. to 0 (i.e., the air mass contains a negligible fraction of background atmospheric
GEM) yields a δ202Hg value of �1.79 ± 0.24‰ (1σ) and a Δ199Hg value of 0.02 ± 0.04‰ (1σ) for the GEM
emissions in mainland China. The δ202Hg of GEM emissions in mainland China was more negative than the
estimated mean value (�0.59‰) of global anthropogenic emissions and that (�0.44‰) estimated for local
anthropogenic GEM emissions in urban Xi’an in northwestern China (Sun et al., 2016; Xu et al., 2017). The
Δ199Hg of GEM emissions in mainland China was comparable to the estimated mean value (�0.02‰) of glo-
bal anthropogenic emissions (Sun et al., 2016). The difference in estimated δ202Hg signatures between this
and previous studies could be partly attributed to the regional variations in proportion of Hg emissions from
various emission sectors. Sun et al. (2016) compiled Hg isotopic compositions of global source materials and
suggested a large difference in δ202Hg and a small difference in Δ199Hg among various emission sectors. For
example, due to the MDF of Hg isotopes during coal combustion in CFPPs, δ202Hg value of GEM emitted from
CFPPs (0.54 ± 0.25‰, 1σ) was much higher than those of other emission sectors such as zinc smelting
(�0.76 ± 1.25‰, 1σ) and cement production (�1.64 ± 0.61‰, 1σ; Sun et al., 2016; Tang et al., 2017). The pro-
portions of CFPPs Hg emissions in total anthropogenic Hg emissions in the world (29.1%) and urban Xi’an,
northwestern China (72%), were much higher than the overall mean (18.8%) in China (Muntean et al.,
2014; Xu et al., 2017; Zhang et al., 2015), which probably increased δ202Hg of anthropogenic emissions in
the heavier isotopes. It should be noted that the estimated isotopic compositions of GEM emissions in main-
land China could be a result of a mixing of various sources (anthropogenic and natural sources) and atmo-
spheric transformation-induced fractionation of Hg isotopes in the plume of Chinese outflow. In the
following, we will therefore consider these factors to interpret the estimated δ202Hg and Δ199Hg signatures
of anthropogenic emissions in China.

GEM in the atmosphere can be derived from anthropogenic and natural sources. A comparison of δ202Hg
and Δ199Hg in major source materials between China and the rest of the world is shown in Figure S6 and
Table S3 in the supporting information (Biswas et al., 2008; Demers et al., 2013; Lefticariu et al., 2011;
Smith et al., 2008; Sonke et al., 2010; Sun et al., 2014, 2016; Thibodeau et al., 2016; Yin et al., 2014,
2016, 2013; Yu et al., 2016; Zheng et al., 2016). Mean (±1σ) Δ199Hg in feed coal, zinc ores, limestone,
Hg ores, and biomass in China are �0.03 ± 0.16‰, 0.02 ± 0.06‰, �0.01 ± 0.07‰, 0.01 ± 0.02‰, and
�0.19 ± 0.10‰, respectively, significantly higher than those (�0.16 ± 0.18‰, �0.04 ± 0.06‰,
�0.03 ± 0.08‰, �0.04 ± 0.07‰, and �0.28 ± 0.09‰, respectively) in the rest of the world (paired t test,
p < 0.05, T = 3.7, n = 5). Assuming that isotopic signatures of GEM emissions from major anthropogenic
sources resemble the MIF signatures of source materials (Sun, Heimburger, et al., 2013; Sun et al., 2014,
2016; Tang et al., 2017), Δ199Hg of atmospheric GEM in mainland China, influenced by the regional anthro-
pogenic sources, should be higher than the GEM Δ199Hg in other regions worldwide, as shown in Figure 2.
Coal combustion in CFPPs and nonferrous metal smelting are the two important sources of atmospheric
GEM in China and other regions worldwide (Pirrone et al., 2010; Zhang et al., 2015). The mean (±1σ)
δ202Hg values of Chinese coal and zinc ores are �1.07 ± 0.71‰ and �0.47 ± 0.47‰, respectively, less

Figure 4. (a) δ202Hg versus 1/GEM and (b) Δ199Hg versus 1/GEM diagrams suggesting a binary mixing of regional back-
ground atmospheric GEM pool and Chinese (CHN) emissions of GEM.
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negative than those (mean [±1σ]feed coal = �1.42 ± 9‰, mean [±1σ]zinc ores = �0.76 ± 0.62‰) found in the
rest of the world (Biswas et al., 2008; Lefticariu et al., 2011; Sonke et al., 2010; Sun et al., 2014; Yin et al.,
2014, 2016). Assuming that the MDF of Hg isotopes during coal combustion in CFPPs (sufficiently equipped
with APCDs) is more or less similar across the world; and that GEM emission from zinc smelting resembles
the Hg isotope composition of zinc ore (Sun et al., 2016), GEM emission from CFPPs and zinc smelting in
China would therefore have relatively higher δ202Hg relative to other regions worldwide. Our study
suggests an opposite pattern with lower GEM δ202Hg of GEM emissions in China (Figure 4).

This discrepancy is possibly caused by other anthropogenic Hg sources. Implementation of APCDs (i.e., selec-
tive catalytic reduction, electrostatic precipitators, and wet flue gas desulfurization) during coal combustion is
the major factor inducing significant Hg isotope MDF during coal combustion (Sun, Heimburger, et al., 2013;
Tang et al., 2017). In China, the implementation level of selective catalytic reductions, electrostatic precipita-
tors, and/or wet flue gas desulfurization in CFPPs is 100%, while the level in coal combustion in industrial boi-
ler and domestic heating is <12% (Wu et al., 2016). Therefore, GEM emitted from industrial boilers and
domestic heating in China should have much lower δ202Hg compared to that (0.54 ± 0.25‰, 1σ) of CFPPs
sufficiently equipped by APCDs (Tang et al., 2017). In addition, mean (±1σ) δ202Hg of Hg in limestone, Hg ores,
and biomass in China are�1.40 ± 0.51‰,�0.79 ± 0.14‰, and�2.97 ± 0.54‰, respectively, lower than those
(�0.55 ± 0.58‰, �0.59 ± 0.81‰, and �2.22 ± 0.22‰, respectively) found in other regions worldwide
(Demers et al., 2013; Smith et al., 2008; Sonke et al., 2010; Sun et al., 2016; Thibodeau et al., 2016; Yin et al.,
2013; Yu et al., 2016; Zheng et al., 2016). GEM emitted from cement production preserves the Hg isotope com-
position of limestone and δ202Hg of GEM emitted from Hg production is approximately shifted by �1.12‰
relative to Hg ores (Sun et al., 2016). Biomass burning on average releases 95.6% of Hg to the atmosphere
primarily (>95%) in the form of GEM (Friedli et al., 2001) and is expected to induce little Hg isotope fractiona-
tion, and therefore, the δ202Hg of GEM emitted should be nearly the same as that in biomass. These sources
account for ~62% of the total anthropogenic GEM emissions in China (Zhang et al., 2015), sufficiently signifi-
cant to cause a negative shift in domestic GEM δ202Hg. Taking into account the proportions of GEM emission
of the specific source sectors in total anthropogenic emissions in China and their δ202Hg and Δ199Hg signa-
tures in Table S4 in the supporting information (Fu et al., 2017; Sun et al., 2016; Tang et al., 2017; Wang et al.,
2016; Yin et al., 2015, 2013, 2016; Yu et al., 2016; Zhang et al., 2015), we estimate that the mean (±1σ) δ202Hg
and Δ199Hg for anthropogenic GEM emissions in China are �0.82 ± 0.63‰ and �0.04 ± 0.13% (Table S4),
respectively. The estimated δ202Hg of GEM emissions in China is comparatively lower than the mean value
(�0.59‰) of global anthropogenic sources predicted by Sun et al (Sun et al., 2016) but comparatively higher
than that (�1.79 ± 0.24‰, 1σ) estimated using the mixing diagram. The more negative δ202Hg signature esti-
mated using the mixing diagram could be partly attributed to in-plume reduction of GOM emitted from
anthropogenic sources. Recent studies suggested that 0–55% of emitted GOM by CFPPs was reduced to
GEM in plume (Landis et al., 2014). GOM emitted by anthropogenic sources were estimated to have negative
δ202Hg values of �0.77‰ (Sun et al., 2016), and reductions of GOMmight further shift the isotopic composi-
tion of GEM product toward more negative δ202Hg values (Bergquist & Blum, 2007; Zheng & Hintelmann,
2009). In addition, soil GEM emission is another factor for the highly negative GEM δ202Hg observed in
China. Soil GEM emissions are much higher in China than that in the rest of the world (Wang et al., 2016;
Zhu et al., 2016). GEM emissions from naturally Hg-enriched soils in China have significantly negative
δ202Hg (�4.64‰ to �1.10‰, mean [±1σ] = �2.84 ± 0.67‰, n = 50) and positive Δ199Hg (�0.06‰ to
0.88‰, mean [±1σ] = 0.27 ± 0.18‰, n = 50; Fu et al., 2017). Combined anthropogenic and soil emissions
in China yield mean (±1σ) δ202Hg and Δ199Hg of �2.04 ± 0.65‰ and 0.15 ± 0.15% (Table S4), respectively,
which are comparable to our estimates of GEM emissions in mainland China.

It is challenging to quantify the isotopic signatures of background atmospheric GEM pool in East Asia because
all the integrated GEM samples collected here were a mixture of Hg emitted from the sources and back-
ground atmospheric pool (Table S1). As shown in Figures 1 and S3, atmospheric GEM at HNI with concentra-
tions lower than the background (e.g., 1.5 ng/m3) in the Northern Hemisphere were mostly related to air
masses from open seas of ECS and Yellow Sea and the free troposphere over Northeast Asia, whereas GEM
with concentrations higher than 1.5 ng/m3 were mostly related to outflow of Hg from mainland China.
Therefore, atmospheric GEM with concentrations lower than 1.5 ng/m3 reflected a minor influence of direct
Hg emissions and likely represented the background of atmospheric GEM in East Asia. At HNI, 16.4% of the
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total 7264 observations (5-min mean measured by Tekran system) had GEM concentrations less than
background of 1.50 ng/m3. The average concentration of these background GEM samples was
1.36 ± 0.10 ng/m3. This value is well within the range (1.20–1.5 ng/m3) estimated by modeling studies (Pan
et al., 2006; Strode et al., 2008). Hence, the δ202Hg and Δ199Hg signatures of the regional background atmo-
spheric GEM pool should be at 0.58‰ and �0.26‰, respectively. The Δ199Hg signature of the background
atmospheric GEM pool in East Asia is comparable to the background observations in North America and
Europe (mean [±1σ] =�0.21 ± 0.04‰), while the δ202Hg signature of GEMwas relatively lower than the back-
ground observations in North America and Europe (mean (±1σ) = 0.84 ± 0.22‰; Demers et al., 2013, 2015;
Enrico et al., 2016; Fu, Marusczak, Wang, et al., 2016; Obrist et al., 2017).

4. Conclusion

In this study, atmospheric GEM, PBM, and GOM concentrations and GEM isotopic composition were mea-
sured at HNI in the MBL of ECS, which regularly received Hg-polluted plumes from mainland China and clean
air masses from open seas and free troposphere in East Asia. The data set provided an evidence that outflow
of Hg frommainland China strongly influenced the concentrations and isotopic compositions of atmospheric
GEM in the MBL of Asia marginal seas. On the basis of the observations, we suggest that GEM emissions in
mainland China are characterized by highly negative δ202Hg (�1.79 ± 0.24‰, 1σ) and near-zero Δ199Hg
(0.02 ± 0.04‰, 1σ) signatures, and the background regional atmospheric GEM pool was characterized by
moderate positive δ202Hg (0.58‰) and negative Δ199Hg (�0.26‰), providing an useful clue to track the
impact of Chinese Hg emissions on regional and global atmospheric GEM budget. Highly negative
δ202HgGEM signature of Chinese Hg emissions suggested a larger contribution of GEM emissions from coal
combustion lacking conventional APCDs, cement and mercury production, biomass burning, and soil emis-
sions to the total GEM emissions in China. We caution that due to the poor understanding of isotopic com-
positions of GEM emitted from various emission sources and fractionation processes of Hg isotopes during
atmospheric transformations, use of isotopic signatures for atmospheric Hg source apportionment still has
large uncertainties. Therefore, more research regarding the isotopic compositions of Hg emitted from various
anthropogenic and natural sources as well as the transformation induced fractionation of atmospheric Hg
isotopes is needed.
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