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ABSTRACT: In this study, isotopic compositions of
atmospheric total gaseous mercury (TGM) were measured
in the Mt. Changbai (MCB) temperate deciduous forest and
the Mt. Ailao (MAL) subtropical evergreen forest over a 1-
year period. Higher δ202HgTGM values were observed under
the forest canopy than above the forest canopy in the MCB
forest. The vertical gradients in δ202HgTGM and Δ199HgTGM are
positively correlated with the satellite-based normalized
difference vegetation index (NDVI, representing the vegeta-
tion photosynthetic activity), suggesting that a strong
vegetation activity (high NDVI) induces both mass-depend-
ent and mass-independent fractionation of TGM isotopes.
The observed δ202HgTGM and Δ199HgTGM showed seasonal
variations. Mean δ202HgTGM and Δ199HgTGM in summer were 0.35−0.99‰ and 0.06−0.09‰ higher than those in other seasons
in the MCB forest. In contrast, the highest seasonal δ202HgTGM in the MAL forest was observed in winter at 0.07−0.40‰ higher
than the values found in other seasons. The variability of δ202HgTGM and Δ199HgTGM in MCB was attributed to vegetation
activities, whereas the seasonal δ202HgTGM in the MAL forest was driven by the exposure of air masses to anthropogenic
emissions. Using the data in this study and in the literature, we concluded that vegetation activity and anthropogenic Hg release
are the main drivers for the spatial variations in TGM isotopic compositions in the northern hemisphere.

1. INTRODUCTION

Mercury (Hg) is a highly toxic heavy metal pollutant and can
be transported globally in the atmosphere.1 Hg in the
atmosphere mainly exists in three operationally defined
forms: gaseous elemental mercury (GEM), gaseous oxidized
mercury (GOM), and particulate bound mercury (PBM). The
sum of GEM and GOM is known as total gaseous mercury
(TGM). GEM is the dominant form of Hg in the atmosphere,
which is moderately stable and can spread globally through
atmospheric circulation.2 In addition to wet and dry deposition
of GOM and PBM, dry deposition of GEM is also an
important source of Hg to ecosystems and poses a concern for
bioaccumulation once it transforms and enters the food
web.3−5

Hg exists in the environment in seven stable isotopes (Hg196,
Hg198, Hg199, Hg200, Hg201, Hg202, Hg204). Laboratory and field
studies have revealed that environmental processes can induce
mass-dependent Hg isotope fractionation (MDF) and mass-
independent fractionation (MIF) of odd-mass-number and
even-mass-number Hg isotopes.6−20 Hg is therefore a three-

dimensional isotopic tracer that provides valuable clues for
tracing the Hg biogeochemical cycle of Hg and its environ-
mental and geological processes.
Concentration of TGM can be affected by anthropogenic

and natural emissions as well as atmospheric transformations.
Anthropogenic sources emit GEM with negative δ202Hg
signatures (−1.79 to −0.44‰) and near-zero Δ199Hg
signatures (−0.06 to 0.02‰).21−23 The isotopic signatures
of GEM emitted from natural sources, including soil and water
emissions, biomass burning, and volcanic emission,24 although
not well constrained, have been predicted to have negative
δ202Hg values (mean = −0.40 to −2.84‰).6,22,25,26 Atmos-
pheric processes such as foliar uptake, oxidation, and reduction
in the gaseous and particulate phase could also shift the
isotopic compositions of TGM.17,18,27,28 Therefore, both
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emission sources and atmospheric processes can contribute to
the variation of the isotopic compositions of TGM. Recent
studies in urban areas of the northern hemisphere found that
the isotopic compositions of TGM/GEM were characterized
by negative δ202Hg values (mean = −0.72 to −0.08‰) and
close to zero Δ199Hg values (mean = −0.03 to 0.04‰),17,29

similar to those estimated for anthropogenic GEM emissions
and implicating anthropogenic emissions as the main GEM
pollution sources.21 In contrast, the isotopic signatures of
GEM in remote areas were mostly characterized by slightly
negative to highly positive δ202Hg values (mean = −0.21 to
1.20‰) and negative Δ199Hg values (mean = −0.24 to
−0.12‰),17,18,22,27,29,30 suggesting influences from atmospher-
ic processes. However, relationships between the observed
isotopic signatures and emissions/transformations have not
been established, making it difficult to understand the
contributing factors shifting the isotopic compositions of
TGM/GEM.
In this study, TGM concentration and its isotopic signatures

were measured in a temperate deciduous forest and a
subtropical evergreen forest in China for over a 1-year period.
The relationships between TGM isotopic compositions and
anthropogenic sources, vegetation activity, biomass burning,
and oceanic sources are investigated. The objectives of this
study are to investigate the drivers responsible for the seasonal
patterns of TGM isotopic compositions and to examine the
factors contributing to the isotopic shifts of atmospheric Hg.
The data obtained in this study were combined with those
reported in the literature to identify the major factors
influencing the spatial variation of TGM isotopic compositions
in the northern hemisphere. The findings in this study help
understand the controls on the variations in TGM concen-
trations and isotopic compositions at local, regional, and
hemispheric scales.

2. METHODS
2.1. Sites’ Description. The Mt. Changbai (MCB) forest

[128.113° E, 42.400° N, 741 m above sea level (a.s.l.)] is a
temperate deciduous broadleaved/conifer mixed forest in
Northeastern China near the border with North Korea. The
Mt. Ailao (MAL) forest (101.020° E, 24.533° N, 2450 m a.s.l.)
is a subtropical evergreen broadleaved forest in Southwestern
China near the borders of Myanmar, Laos, and Vietnam
(Figure S1). Detailed information regarding the climate,
potential sources, and forest structure and composition of
the two forests have been reported elsewhere.31−33 Briefly, the
MCB forest is a piedmont plain forest in the middle latitude
with strong seasonal variability in vegetation activity, whereas
the MAL forest is a montane forest in the low latitude with
relatively small seasonal variability in vegetation activity
(Figure S1). To investigate the effect of vegetation activity
on the fractionation of Hg isotopes in the atmosphere, two
sampling sites, one under the forest canopy and the other
above, were selected in the MCB forest. The sampling site in
the MAL forest was located under forest canopy (1 m a.g.l.).
There are no point sources within 20 km around the sampling
sites or in surrounding areas.
2.2. Sampling, Preconcentration, and Determination

of TGM. TGM was collected using chlorine-impregnated
activated carbon (CLC, 0.5 g) traps at a flow rate of 2.0−2.5 L
min−1.34 Sampling of TGM was conducted from April 2015 to
April 2016 in the MCB forest and from January 2017 to
February 2018 in the MAL forest with a sampling duration of

approximately 2 weeks (Table S1). TGM under and above the
forest canopy in the MCB forest was collected by mounting the
Teflon tubing inlets at heights of 1 m and 25 m a.g.l.,
respectively. TGM under the forest canopy in the MAL forest
was collected by mounting the Teflon tubing inlet at a height
of 1 m a.g.l. The sampling inlets were connected to CLC traps,
vacuum pumps, and air flow control systems in sequence using
1/4 in. Teflon tubes,29 which were housed in temperature-
controlled field laboratories in the forests. During sampling,
Teflon filters (47 mm diameter; 0.2 μm pore size) were placed
at the sampling inlet to remove atmospheric particulates.
Immediately after the field sampling, CLC traps were sealed
with silicone stoppers and three successive polyethylene bags
and kept in screw-capped glass bottles in the field labs.
TGM collected on CLC traps was preconcentrated into 5

mL of 40% mixed acid solution (v/v, 2HNO3/1HCl) using a
double-stage combustion method developed before for Hg
isotope analysis.34,35 After the preconcentration, all trapping
bottles and impingers were rinsed three times with a total
volume of 5 mL of Milli-Q water. The rinsed Milli-Q waters
were then added to the trapping solutions. The final trapping
solutions were kept in a refrigerator at 2−4 °C until Hg isotope
analysis.
Hg concentrations in trapping solutions were analyzed using

a cold vapor atomic fluorescence spectroscopy method. TGM
concentrations of each sample were calculated by dividing the
total Hg mass collected (ng) by the cumulative sampling air
volume (m3 under standard temperature of 273.14 K and
pressure of 1013 hPa). Full procedural blanks of the sampling
and preconcentration were determined to be 0.024 ± 0.006 ng
mL−1 (1σ, n = 10) by combusting 0.5 g of clean CLC traps,
which were negligible (<2%) compared to the Hg concen-
trations in field sample trapping solutions. Combustion of
lichen CRM (BCR 482) using the double-stage combustion
method showed a mean recovery of 94.2 ± 4.1% (1σ, n = 6).
The full recoveries of TGM collection and preconcentration
were tested by laboratory extractions of Hg from diluted NIST
SRM 3133 solutions (volume = 2.5 L, Hg concentration: 2−20
ng L−1, n = 10) onto CLC traps using Hg-free air at a purging
flow rate of 2.5 L min−1 within 1 h, followed by
preconcentration of Hg on CLC traps to trap solutions using
the double-stage combustion method.34 Mean recovery of the
laboratory addition and preconcentration was 92.3 ± 4.6% (1σ,
n = 10). During the sampling of the TGM isotope,
atmospheric TGM concentrations were continuously measured
using the automated Tekran 2537 Hg vapor analyzers at open
sties adjacent to the TGM isotope sampling sites in MCB and
MAL, respectively.31,32 The mean TGM concentrations in
MCB (1.57 ± 0.42, 1σ) and MAL (1.64 ± 0.81, 1σ) forests
measured by the Tekran 2537 analyzers were similar to those
measured by CLC traps in MCB (above canopy: mean = 1.48
± 0.19, 1σ) and MAL (under canopy: mean = 1.70 ± 0.41,
1σ), respectively. This indicates that the CLC trap can
effectively capture TGM in the atmosphere over the sampling
durations (∼2 weeks) without inducing significant bias in
TGM isotopic compositions.34

2.3. Mercury Isotope Analysis. Isotope ratios of TGM in
trap solutions were analyzed by cold vapor-multicollector
inductively coupled plasma mass spectrometry (CV-MC-
ICPMS, Nu Instruments, U.K.) at the State key Laboratory
of Environmental Geochemistry, CAS (Guiyang, China).
Before Hg isotope analysis, the final trap solution was diluted
to a concentration containing approximately 1 ng mL−1 Hg,
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which matched within 10% of the bracketing standard NIST
SRM 3133 concentration (1.0 ng mL−1). The diluted trap
solutions and 3% SnCl2 were introduced inline to a cold vapor
phase separator (Figure S2), and then the reduced Hg0

together with a Tl aerosol (used for instrumental mass bias
correction) generated by a desolvating nebulizer (Aridus II,
Cetac) were carried by Argon carrier gas to MC-ICPMS. The
signal intensity of Hg detected by MC-ICPMS during the
whole analytical sessions ranged from 1.10 to 1.32 V per ng
mL−1 of Hg. Isotopic ratios were corrected for mass bias by
standard−sample−standard bracketing using the international
standard NIST SRM 3133. Isotopic compositions of TGM are
expressed in delta notation (δ) in per mil (‰) referenced to
the bracketing standard NIST SRM 313336

δ = − ×

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑ

( )
( )

Hg (‰) 1 1000xxx
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Hg
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Hg
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xxx

xxx
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(1)

where xxx refers to the mass of each Hg isotope between 199
and 202 (Hg204 was not measured because of the limitations of
instrumental collector designs). MIF values are expressed in
capital delta notation (Δ), which are the deviations of the
measured isotopic compositions from those theoretically
predicted from δ202Hg using the kinetic MDF law36

δ β δΔ = − ×Hg (‰) Hg Hgxxx xxx
TGM sample

202
sample (2)

where xxx are the mass of Hg isotope 199Hg, 200Hg, and 201Hg,
and β values are 0.252, 0.502, and 0.752 for isotopes 199Hg,
200Hg, and 201Hg, respectively.
The analytical uncertainty of the TGM isotopic analysis was

assessed by repeated analysis of the isotopic compositions of
NIST SRM 3177 (n = 22), lichen CRM (BCR 482, n = 6), and
standard addition of NIST SRM 3133 to CLC traps (n = 10)
over different analytical sessions. Overall, the measured
isotopic compositions of NIST SRM 3177, lichen CRM, and
standard addition of NIST SRM 3133 to CLC traps were
consistent with previously reported values (Table S2).37,38

Analytical uncertainty on TGM isotopic compositions was
influenced by field collection, laboratory preconcentration, and
instrumental procedures. The laboratory control experiments
with NIST SRM 3133 Hg isotope addition to CLC traps
represented the analytical uncertainty associated with TGM
isotopic compositions measurements. Therefore, the analytical
uncertainty (2σ) of TGM isotopic compositions reported in
this study is the larger 2σ value of either the standard addition
of NIST SRM 3133 to CLC traps or repeated analysis of the
TGM sample over different analytical sessions.
2.4. Quantification of Vegetation Activity, Anthro-

pogenic Hg Emission, Biomass Burning, and Oceanic
Air Mass. To investigate the factors that control the variations
in TGM isotopic compositions, we analyzed the local
normalized difference vegetation index (NDVI), cumulative
NDVI (∑NDVI), cumulative anthropogenic Hg0 emission
(∑Hg0 emission), cumulative wildfire (∑fire), and fractional
air mass residence time (ARTs) over the ocean for each TGM
isotope sample in MCB and MAL (Supporting Information,
Text S1). The local NDVI, representing the vegetation activity
in the surrounding areas of MCB and MAL,39 was obtained
from the global gridded NDVI data (from the National

Aeronautic and Space Administration Earth Observation
platform at 16 days temporal and 0.1° spatial resolution) at
0.5° × 0.5° resolution at the sampling sites. The analysis of
∑NDVI, ∑Hg0 emission, ∑fire, and fractional oceanic ARTs
was utilized to determine the magnitude of TGM isotopic
compositions influenced by air masses passing over vegetation,
anthropogenic Hg0 sources, active fires, and oceans,
respectively. The origins and atmospheric transport of air
masses of each TGM isotope sample were calculated 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),40 which are further used to
determine the prior exposure of air to vegetation activity
(represented by NDVI), anthropogenic Hg0 emissions,41 active
fires (data from the National Aeronautic and Space
Administration Earth Observation platform at 8 days temporal
and 0.1° spatial resolution), and oceans. Meteorological
parameters including wind speed, relative humidity, air
temperature, and solar radiation in MCB and MAL forests
were obtained from the meteorological stations in the Open
Research Station of the Changbai Mountain Forest Ecosystem
and Ailao Mountain Forest Ecosystem, both located within
500 m of the sampling sites.
The mean ∑NDVI (trajectory-based) were positively

correlated with the local mean NDVI in MCB (r2 = 0.93, p
< 0.01) and MAL (r2 = 0.95, p < 0.01) forests (Figure S3). In
the MCB forest, the mean ∑NDVI in May and June 2015
were lower (0.04−0.31) than the local NDVI, possibly because
the air masses were mainly originated from high latitudes,
where vegetation activity was still low during late spring and
early summer. Mean ∑NDVI, mean ∑Hg0 emission, mean
∑fire and fractional oceanic ARTs based on the 48 h backward
trajectory were all consistent with that based on the 24 and 120
h backward trajectory (Figures S4 and S5), suggesting that the
use of 48 h backward trajectory at the sampling sites is
appropriate to investigate the effects of vegetation activity and
Hg sources on isotopic compositions of TGM.

3. RESULTS AND DISCUSSION
3.1. TGM Concentrations in MCB and MAL Forests.

Mean (±1σ) TGM concentrations measured using activated
carbon traps under (1 m a.s.l.) and above (25 m a.s.l.) the
forest canopy in the MCB forest from April 2015 to April 2016
were 1.44 ± 0.23 ng m−3 (n = 29) and 1.48 ± 0.19 ng m−3 (n =
29), respectively (Table S3). The mean (±1σ) TGM
concentration under the forest canopy (1 m a.s.l.) in the
MAL forest from January 2017 to February 2018 was 1.70 ±
0.41 ng m−3 (n = 22) (Table S3). TGM concentrations in
MCB and MAL forests were close to the mean background
value of 1.55 ng m−3 in 2013 in the northern hemisphere,42 but
slightly higher than the mean (±1σ) of 1.40 ± 0.14 ng m−3 (1
σ, n = 18) observed at the forest sites in North America and
Europe.5,18,39,43,44 Significant seasonal variations of TGM
concentrations were observed in both MCB and MAL forests
(K-independent sample t-test, p < 0.01 or <0.05, Table S3).
The seasonal variation in TGM concentrations is most likely
controlled by Hg emissions, atmospheric transformations, and
transport and vegetation activities.39,45−48 In MCB, mean
TGM concentrations under the forest canopy were the lowest
in summer (1.25 ± 0.18 ng m−3) because of the higher
vegetative uptake of GEM in the leaf-growing season and the
lower exposure of air to anthropogenic sources (Table S3).39,49
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In contrast, the mean TGM concentration in MAL was the
lowest in winter (1.48 ± 0.40 ng m−3), possibly associated with
the lesser influence of air masses containing anthropogenic
emissions from southwestern China (Table S3).32,49,50

3.2. TGM Isotopic Compositions. TGM samples in MCB
and MAL forests were generally characterized by positive
δ202Hg values and negative Δ199Hg and Δ200Hg values (Figure
1 and Table S1). For example, δ202Hg of TGM varied from

0.12 to 1.64‰ (mean [±1σ] = 0.66 ± 0.47‰, n = 29) under
the canopy and from 0.12 to 1.42‰ (mean [±1σ] = 0.52 ±
0.35‰, n = 29) above the canopy in MCB, and from −0.20 to
0.67‰ (mean [±1σ] = 0.17 ± 0.25‰, n = 22) under the
canopy in MAL (Figure 1). The Δ199Hg of TGM varied from
−0.24 to −0.09‰ (mean [±1σ] = −0.17 ± 0.04‰, n = 29)
under the canopy and from −0.24 to −0.09‰ (mean [±1σ] =
−0.18 ± 0.04‰, n = 29) above the canopy in MCB, and from
−0.20 to 0.09‰ (mean [±1σ] = −0.08 ± 0.08‰, n = 22)
under the canopy in MAL (Figure 1). Mean Δ200Hg of TGM
at the three sites ranged from −0.07 to −0.03‰ (Table S3).
The annual means of δ202HgTGM in MCB and MAL were

lower than the values previously observed at forest sites in
summer, and the annual means of Δ199HgTGM in MCB and
MAL were similar to or higher than those observed at forest
sites in summer (e.g., Wisconsin, United States and Pinet,
France, mean δ202HgTGM and Δ199HgTGM varied from 0.75 to
1.19‰ and −0.19 to −0.17‰, respectively, Figure 1).5,18

Global observations at forest sites showed the mean δ202HgTGM
and Δ199HgTGM values of 0.67 ± 0.35‰ (1σ, n = 5) and −0.16
± 0.04‰ (1σ, n = 5), respectively. The mean of δ202HgTGM at
global forest sites was higher than those observed at rural sites
not surrounded by forests (e.g., coastal and high-altitude sites,
mean δ202HgTGM = 0.22 ± 0.47‰ (1σ, n = 6), Figure 1) and
urban sites (mean δ202HgTGM = −0.39 ± 0.30‰ (1σ, n = 4),
Figure 1).4,17,22,23,27,29,30 This implies that environmental
processes within the forests shifted the isotopic composition
of TGM toward higher δ202Hg values, which is further
discussed in the following sections. The mean Δ199HgTGM at
global forest sites was similar to those found at rural sites not
surrounded by forests [mean = −0.18 ± 0.06‰ (1σ, n =
6)],17,22,27,29,30 but lower than those at global urban sites
[mean = −0.02 ± 0.05‰ (1σ, n = 4)].23,29 The means of

Δ200HgTGM at remote sites worldwide varied slightly from
−0.10 to −0.03‰ (n = 10) and were lower than those
observed at urban sites (means = −0.01 to 0.01‰, n =
4).4,5,17,18,22,23,27,29,30

3.3. Vertical Gradient in δ202HgTGM and Δ199HgTGM in
the MCB Forest. Vertical gradients in TGM concentrations
and isotopic compositions were measured under and above the
canopy in the MCB forest. The gradients in TGM
concentrations (Δ-TGM = TGM1m − TGM25m) ranged from
−0.20 to 0.11 ng m−3 during the 1-year period (mean [±1σ] =
−0.04 ± 0.09 ng m−3, n = 27, Figure 2). Depositions of TGM

onto vegetation, characterized by negative Δ-TGM values,
were mostly observed after early spring at the start of the leaf-
growing season and lasted until the end of autumn. Emissions
of TGM in the forest (positive Δ-TGM values) were mainly
observed in winter and early spring, possibly associated with
re-emission of the deposited Hg.4,51 Seasonal variation in
TGM gradients was significant (K-independent sample t-test, p
< 0.01). The lowest seasonal mean of Δ-TGM concentrations
(−0.13 ± 0.07 ng m−3, 1σ) appeared in summer,
corresponding to a net TGM deposition of ∼9% in the forest.
Means of Δ-TGM concentrations in spring, autumn, and
winter were 0.00 ± 0.08, −0.04 ± 0.07, and 0.01 ± 0.07 ng
m−3, respectively. The Δ-TGM concentrations were negatively
correlated with local NDVI analysis of variance (ANOVA, r2 =
0.58, p < 0.01, Figure 3A) and relative humidity (ANOVA, r2 =
0.32, p < 0.01), and significantly positively correlated with
wind speed (ANOVA, r2 = 0.25, p < 0.01). The dry deposition
of TGM onto vegetation in MCB exhibited a maximum in
summer when the vegetation activity and air relative humidity
were highest and the wind speed was lowest (Table S3). This
is possibly caused by the enhanced foliar uptake of Hg0 in the
presence of high vegetation activity and high relative humidity
and the shallow boundary layers caused by low wind
speeds.33,52 High air temperature and solar radiation in
summer can enhance the emission/re-emission of TGM
from foliage and forest soil,19,53 and therefore are not expected
to contribute to the higher deposition of TGM in summer. A
forward stepwise multiple regression analysis between Δ-TGM
concentrations and environmental variables mentioned above
showed that NDVI and relative humidity most significantly
influenced the seasonal variation in TGM gradients (ANOVA,
p < 0.05 for both), which explained 58 and 9% of the variation
in TGM gradients, respectively (a total of 67%). These two
variables are tightly linked to the vegetation uptake of TGM,

Figure 1. Mass-dependent (δ202Hg) and mass-independent (Δ199Hg)
isotope signatures of atmospheric TGM/GEM worldwide. Data are
from this study and the literatures.4,5,17,18,22,23,27,29,30

Figure 2. Temporal variations in vertical gradient in atmospheric
TGM δ202Hg values (Δ-δ202HgTGM = δ202HgTGM‑1m − δ202HgTGM‑25m),
vertical gradient in atmospheric TGM concentrations (Δ-TGM =
TGM1m − TGM25m), and mean local vegetation activity (NDVI) in
the MCB forest.
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suggesting that vegetation activities dominated the deposition
of TGM in the forest.
The mean (±1σ) gradients in TGM isotopic compositions

(n = 27) in MCB were 0.13 ± 0.20‰ for Δ-δ202HgTGM
(δ202HgTGM‑1m − δ202HgTGM‑25m), 0.01 ± 0.04‰ for
Δ−Δ199HgTGM (Δ199HgTGM‑1m − Δ199HgTGM‑25m), and 0.02
± 0.04‰ for Δ-Δ200HgTGM (Δ200HgTGM‑1m − Δ200HgTGM‑25m)
(Figures 2 and S6). A significant seasonal variation in Δ-
δ202HgTGM was observed (K-independent sample t-test, p <
0.01) with the summertime mean (0.37 ± 0.12‰, 1σ) much
higher than other seasons (means = 0.02 to 0.06‰, n = 3).
The Δ-δ202HgTGM values in the MCB forest were positively
correlated with the local NDVI (Figure 3B), which explains
56% of Δ-δ202HgTGM variations and indicates the strong
vegetation activity contributing to a positive shift of δ202HgTGM
values under the forest canopy in MCB. A forward stepwise
multiple regression analysis between the Δ-δ202HgTGM and
environmental variables including local NDVI and meteoro-
logical parameters did show insignificant statistical relation-
ships between Δ-δ202HgTGM and meteorological parameters
(ANOVA, p values for all >0.05), indicating that meteoro-
logical parameters were not the primary drivers for the
temporal variations in Δ-δ202HgTGM. A Rayleigh fractionation
model using an MDF fractionation factor of −2.89‰ between
TGM and the foliage reported by Demers et al.18 can fit the
observed relationship between Δ-δ202HgTGM values and
TGM1m/TGM25m ratios (net fraction of TGM remaining
after passing through the forest canopy) (ANOVA, r2 = 0.42, p
< 0.01, Figure S7). A deposition of 9% of TGM because of
foliage uptake would predict a mean δ202HgTGM increase of

∼0.29‰ under the forest canopy in summer, close to the
observed mean Δ-δ202HgTGM value in summer (0.37 ± 0.12‰,
1σ). It has been reported that MDF can occur during the air−
foliage exchange of TGM. The data shown in this study
provide direct evidence that this process could notably modify
the MDF signatures of TGM within the forest ambient air
when there is a high vegetation activity.
Seasonal variations in Δ-Δ199HgTGM and Δ-Δ200HgTGM were

insignificant (K-independent sample t-test, p(Δ-Δ199HgTGM) =
0.43, p(Δ-Δ200HgTGM) = 0.97, Figure S6). The seasonal means
of Δ-Δ199HgTGM and Δ-Δ200HgTGM ranged from −0.01 to
0.03‰ (n = 4) and 0.02−0.03‰ (n = 4), respectively. A weak
but significant positive correlation was observed between Δ-
Δ199HgTGM and local NDVI (Figure 3C). The slight increase
of Δ-Δ199HgTGM during the leaf-growing season was likely
caused by the re-emission of Hg previously incorporated into
foliage (most likely characterized by moderate positive Δ199Hg
values).18,19

Exchange of Hg0 between forest soil and the atmosphere
may also have contributed to the vertical gradients in TGM
isotopic compositions. Soil−air exchange of Hg0 exhibited
strong seasonality with higher emission in summer because of
relative higher temperature and solar radiation.54,55 Isotopic
fractionation during air−soil exchange of Hg0 had not been
extensively studied. Previous studies suggested that adsorption
and oxidation of Hg0 by soil organic matter can result in a
strong positive δ202Hg and a small positive Δ199Hg in the
atmospheric TGM pool.18,56 In contrast, photochemical and
biological reduction of Hg in forest soil had been shown to
release Hg0 with negative δ202Hg and a complicated Δ199Hg
signature (negative or positive depending on Hg complex in
forest soil),57 offsetting the MDF and MIF fractionation
patterns during adsorption and oxidation of Hg0 by soil organic
matter. In MCB, forest soil is as a net source (mean = 2.8 ng
m−2 h−1) of TGM in summer,33 which was likely induced by
reduction and evaporation processes and therefore would
possibly result in a negative shift of δ202Hg in TGM.7,57 This is
not the case found in this study, suggesting that the exchange
of Hg0 between forest soil and the atmosphere was not the
main cause for the positive shift of δ202HgTGM under the forest
canopy. On the other hand, a positive shift in Δ199Hg values
under the forest canopy may be related to photoreduction of
Hg from sulfur-containing ligands within leaf litter,15 but
fractionation during foliage/air exchange cannot be ruled out.
Further field observations on MDF and MIF fractionation of
Hg0 during air−soil exchange are needed to evaluate the
contribution of soil evasion to the isotopic signatures of TGM.

3.4. Causes of Seasonal Variations in TGM Isotopic
Compositions. The values of δ202HgTGM and Δ199HgTGM in
MCB and δ202HgTGM in MAL showed significant seasonal
variations (K-independent sample t-test, p < 0.01 or <0.05,
Figure 4 and 5). Seasonal variations of Δ199HgTGM in MAL and
Δ200HgTGM in MCB and MAL were not statistically significant
(K-independent sample t-test, p > 0.05 for all, Figures 5 and
S8). In MCB, the seasonal variations of δ202HgTGM and
Δ199HgTGM were similar in both sampling locations (below and
above the canopy, Figures 4 and 5). The highest mean
δ202HgTGM above (0.92 ± 0.18‰, 1σ) and under canopy (1.31
± 0.15‰, 1σ) were observed in summer. This was 0.35−
0.65‰ and 0.63−0.99‰ higher than the means in other
seasons, respectively (Table S3). The highest mean Δ199HgTGM
above (−0.13 ± 0.03‰, 1σ) and under the canopy (−0.11 ±
0.02‰, 1σ) was also observed in summer, 0.06−0.07‰ and

Figure 3. Effect of vegetation activities on the gradient in TGM
concentrations and isotopic compositions in the MCB forest. (A) Δ-
TGM concentration vs NDVI, (B) Δ-δ202HgTGM vs NDVI, and (C)
Δ-Δ199HgTGM vs NDVI. Black lines represent the linear regression of
the data and the gray lines are the 95% confidence line of the
regression.
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0.06−0.09‰ higher than those in other seasons, respectively
(Table S3). In contrast, δ202HgTGM at MAL showed the lowest
mean (0 ± 0.15‰, 1σ) in summer, which was 0.07−0.40‰
lower than the values in other seasons (Table S3).
In MCB, δ202HgTGM were highly correlated with ∑NDVI,

which explained 61 and 76% of the seasonal variability above
and under the forest canopy, respectively (ANOVA, p < 0.01
for both, Figure S9). A weak but significant negative
correlation existed between δ202HgTGM and mean ∑Hg0

emission (ANOVA, r2 = 0.20, p < 0.05 for both, Figure S9),
suggesting that exposure of air masses to anthropogenic
emission sources can shift the isotopic composition of TGM
toward lower δ202Hg values as observed elsewhere.22,27,30

There were no significant correlations between δ202HgTGM
above and under the forest canopy in MCB and mean ∑fire
(ANOVA, p > 0.05 for both, Figure S9) or oceanic ARTs
(ANOVA, r2 = 0.10, p = 0.10, Figure S9). A forward stepwise
multiple regression analysis between δ202HgTGM and ∑NDVI,
∑Hg0 emission, ∑fire, and fractional oceanic ARTs showed
that the mean ∑NDVI was the only dominant factor
controlling the seasonal variations of δ202HgTGM above and
under the forest canopy in MCB (ANOVA, p < 0.01), whereas
the roles of other factors are insignificant (ANOVA, p > 0.05
for all). In MAL, δ202HgTGM under the forest canopy were
inversely correlated with mean ∑Hg0 emission (ANOVA, r2 =
0.35, p < 0.01, Figure S9), whereas other factors (∑NDVI,
∑fire, and fractional oceanic ARTs) were insignificant
(ANOVA, p > 0.05 for all, Figure S9). This suggests that
anthropogenic emission (∑Hg0 emission) was the main
controlling factor of the seasonal variations of δ202HgTGM in
MAL, in contrast to the vegetation activity in MCB.
Δ199HgTGM above and under the forest canopy in MCB were

both weakly correlated with mean ∑NDVI (ANOVA, p < 0.05

or <0.01, Figure S10). This is consistent with the observed
vertical gradient in Δ199HgTGM caused by vegetation activity
that leads to a positive shift of Δ199Hg in TGM. The
correlation was stronger under the canopy (r2 = 0.39, p < 0.01,
Figure S10) than that above the canopy (r2 = 0.15, p < 0.05,
Figure S10). The Δ199HgTGM above and under the forest
canopy in MCB were also correlated with fractional oceanic
ARTs (ANOVA, p < 0.05 for both, Figure S10). Oceanic ARTs
in MCB during the study period mostly originated from Bohai
Sea and Yellow Sea (Figure S11). These regions were
frequently impacted by the outflow of primary anthropogenic
emissions from mainland China and had elevated TGM
concentrations (mean = 2.61 ± 0.50 ng m−3, 1 sd) compared
to the background level in the northern hemisphere.58−60

Therefore, the atmospheric TGM pool in these regions is
possibly characterized by lesser negative Δ199Hg values
compared to the global background atmospheric TGM pool
and more air masses passing through these oceanic regions
might shift Δ199HgTGM positively in MCB.21,22 There were
insignificant correlations between Δ199HgTGM in MCB and
mean ∑Hg0 emission or mean ∑fire (ANOVA, p values >0.05
for all, Figure S10), suggesting that anthropogenic sources and
biomass burning played a minor role in the seasonal variability
of Δ199HgTGM in MCB. Δ199HgTGM in MAL did not show
significant correlation with mean ∑NDVI, mean ∑Hg0

emission, mean ∑fire, and fractional oceanic ARTs
(ANOVA, p values >0.05 for all, Figure S10). It is likely that

Figure 4. Seasonal variations in atmospheric TGM δ202Hg and TGM
concentrations at sites of (A) under the forest canopy (1 m a.s.l) in
MCB, (B) above the forest canopy (25 m a.s.l) in MCB, and (C)
under the forest canopy in MAL.

Figure 5. Seasonal variations in atmospheric TGM Δ199Hg at sites of
(A) under the forest canopy (1 m a.s.l) in MCB, (B) above the forest
canopy (25 m a.s.l) in MCB, and (C) under the forest canopy in
MAL. The shaded area is the 95% confidence area of the Gaussian
regression of data.
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the control of a single source or vegetation activity was
confounded by other processes at the sampling site and/or
during atmospheric transport.
The stable isotope data of TGM provide observational

evidence pointing to the vegetation activity as the key driver
for the seasonal variations of δ202HgTGM and Δ199HgTGM in the
temperate deciduous forest in Northeast China, shifting the
isotopic composition of TGM toward higher δ202HgTGM and
Δ199HgTGM values. In contrast, transport of anthropogenic
emissions was identified as the key driver for the seasonal
variations of δ202HgTGM in the subtropical evergreen forest in
the Southwest China. Note that this finding does not imply
that vegetation activity is unimportant in influencing the
isotopic composition of TGM in the subtropical evergreen
forest. The lack of significant correlation between δ202HgTGM
and the vegetation activity in MAL was partially owing to its
small seasonal amplitude in ∑NDVI ((∑NDVImax −
∑NDVImin)/∑NDVImean) (33%, ∼5 times lower than that
in MCB (171%), Figures S9 and S10). On the other hand,
seasonal amplitude in ∑Hg0 emission (∑Hg0 emissionmax −
∑Hg0emissionmin)/∑Hg0emissionmean) was much higher in
MAL (∼210%) than that in MCB (∼99%) (Figures S9 and
S10). As the δ202Hg signature of anthropogenic sources is
generally distinctly different from those of the background
TGM pool,17,21,22 the seasonal transport of anthropogenic
emissions led to the shift of δ202HgTGM in MAL.
3.5. Implications for Global Distributions in the

Isotopic Composition of TGM. Jiskra et al.39 investigated
the role of vegetation activity in global TGM seasonality and
found that TGM concentrations co-vary with vegetation
activity at background sites in the northern hemisphere.
Deposition of TGM because of vegetation activity is
accompanied by positive shifts of δ202HgTGM and Δ199HgTGM
(Figure 3). Given the isotopic shifts, higher values of
δ202HgTGM and Δ199HgTGM in summer are anticipated in
widespread terrestrial regions. Year-round observations of
TGM isotopic compositions remain limited in the literature.
Previous studies were mostly conducted in unforested areas
where peak δ202HgTGM occurred in winter or spring (e.g., Pic
du Midi Observatory in France and Xi’an, Guiyang, and
Ningbo in China), except in Beijing (peaked in autumn)
(Table S4).23,27,29 The wintertime and springtime δ202HgTGM
peaks cannot be explained by the vegetation activity, which is
comparatively weak in the cold seasons. At Pic du Midi, the
highest wintertime mean of δ202HgTGM was likely a result of
little exposure of air masses to anthropogenic emissions (Table
S4). At urban sites, the wintertime and springtime peaks in
δ202HgTGM were not associated with decreasing ∑Hg0

emission (Table S4), indicating that there were other processes
responsible for the observed seasonal variations in δ202HgTGM.
Δ199HgTGM at urban sites did not have strong seasonality,
possibly owing to the dominant control of anthropogenic
emissions throughout the year (∑Hg0 emission ranged from
123 to 511 kg/0.5 grid/h, which were much higher than
remote sites, Tables S3 and S4).
Observations at global sites showed the means of δ202HgTGM

and Δ199HgTGM ranging from −0.73 to 1.19‰ and from −0.25
to 0.06‰ (n = 15), respectively (Figure 1). We found that the
means of δ202HgTGM at these sites are inversely correlated with
the mean ∑Hg0 emission (ANOVA, r2 = 0.51, p < 0.01) and
positively correlated with NDVI (ANOVA, r2 = 0.32, p < 0.05)
(Figure S12). Cumulative anthropogenic emissions and
vegetation activity combined can explain 70% of the global

spatial variations found in δ202HgTGM (ANOVA, p < 0.01,
Figure S13). At these sites, significant correlations were found
between the mean Δ199HgTGM and mean ∑Hg0 emission
(ANOVA, r2 = 0.40, p < 0.05) but not between mean
Δ199HgTGM and NDVI (ANOVA, r2 = 0.05, p = 0.41) (Figure
S12). These results confirm that anthropogenic emissions and
vegetation activity are two important drivers for the temporal
and spatial variations in TGM isotopic compositions, although
they may not be the only plausible factors. The influence on
the isotopic concentrations of TGM by natural Hg0 emissions
and atmospheric transformations are not considered in this
study and cannot be ruled out. Presently, the isotopic
endmembers of these sources/processes are not appropriately
constrained and require further characterization in future
studies. Such data will advance our understanding on the
factors controlling the spatial and temporal variations of TGM
isotopic compositions at regional and global scales.
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