
1. Introduction
Gaseous elemental mercury (GEM or Hg(0)) plays a crucial role in the global mercury (Hg) cycling (Driscoll 
et al., 2013; Lindberg et al., 2007). Mercury released from anthropogenic and natural sources to the atmosphere 
is dominantly in the form of GEM (Lindberg et al., 2007). GEM generally has a much longer atmospheric 
residence time (∼6 months) than gaseous oxidized mercury (GOM) and particulate bound mercury (PBM) and 
thus can be transported globally (Holmes et al., 2010; Shah et al., 2021). Once emitted into the atmosphere, 
GEM can undergo various physiochemical transformations to form GOM and PBM, which are readily depos-
ited to earth surfaces via wet and dry deposition pathways (Driscoll et al., 2013). In addition, GEM could also 
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Hg emissions plays an important role in global Hg cycling. However, long-term observations of atmospheric 
Hg in China are very limited, which makes it difficult to constrain the trend in atmospheric Hg concentrations 
in China and hampers our capability to evaluate the temporal changes in Chinese anthropogenic atmospheric 
Hg emissions. This study measures the gaseous elemental mercury (GEM) concentrations and isotopic 
compositions at two rural sites in China during 2015–2021 and 2017–2021, respectively. The results show rapid 
declines (−4.0%–−2.1% yr −1) in GEM concentrations at the two sampling sites over the past 5–7 years, which 
are companied by systematically consistent increase of δ 202Hg and decrease of Δ 199Hg and Δ 200Hg values. Our 
observations indicate that the GEM declines are mainly driven by reduced anthropogenic emissions, and the 
reduction rates of regional anthropogenic emissions are estimated to be in the range of 4.8%–5.8% over the past 
5–7 years.
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be removed by the uptake by earth surfaces (ocean waters, organic soils) and vegetation (Jiskra et al., 2021; 
Obrist et al., 2017; Yuan et al., 2021; Zhu et al., 2022). Following deposition, mercury can be converted to 
methylmercury in aquatic ecosystems (Driscoll et al., 2013), posing severe health risks to human and wildlife 
health.

Since the industrialization, GEM concentrations in air have been increasing on the global scale due to increas-
ing primary anthropogenic Hg emissions as well as contributions from re-emission of previously deposited Hg 
originated from anthropogenic sources (Amos et  al.,  2013; Enrico et  al.,  2017; Streets et  al.,  2019b). GEM 
concentrations started declining after 1990’s in North America and Europe owing to the implementation of air 
pollution control measures, which reduced anthropogenic Hg emissions in these regions (Slemr et  al.,  2003; 
Streets et al., 2019b; Y. X. Zhang et al., 2016). However, GEM concentrations in developing countries remain 
high or are even increasing in the recent decades due to increasing anthropogenic Hg emissions in these regions, 
which may offset the effort of emission reductions achieved in developed regions in terms of global Hg budget 
(Streets et al., 2019a; Y. X. Zhang et al., 2016). Levels of GEM in air generally tend to decrease with decreas-
ing anthropogenic Hg emissions, and thus a long-term monitoring of GEM is needed for tracking the trends of 
GEM and effectiveness of emission reduction policies (Amos et al., 2013; K. Y. Liu et al., 2019; Y. X. Zhang 
et al., 2016).

China is the largest contributor (∼25% in 2015) to the global total anthropogenic Hg emissions (AMAP/
UNEP,  2019). Anthropogenic Hg emissions in China have increased for several decades before starting to 
decrease in the most recent decade (K. Y. Liu et  al.,  2019; Wu et  al.,  2016). The recent decline is yet to 
be evaluated by long-term monitored GEM data (K. Y. Liu et al., 2019). Existing studies have reported the 
trends in GEM concentrations at three sites in eastern China covering a few (≤4) years (Qin et al., 2020; Tang 
et al., 2018; Wu et al., 2020). Analysis of these data using multiple source identification methods, including 
trajectory-based source identification, positive matrix factorization, and statistical models, helps to understand 
the mechanisms controlling GEM concentrations. However, it remains a challenge to establish the direct links 
between the changing GEM concentrations and various emission sources (e.g., anthropogenic sources and 
surface emissions) and atmospheric processes because of a lack of direct and convincing tracers of these influ-
encing factors.

Mercury stable isotopes can be potentially used for tracking the sources and biogeochemical processes 
of Hg in natural environments. Mercury isotopes can undergo mass dependent fractionation (MDF, δ 202Hg 
signatures) and odd- and even-mass independent fractionation (MIF, Δ 199Hg and Δ 200Hg signatures) during 
environmental transformations (Blum et  al.,  2014). Recent studies on the isotope composition of anthropo-
genic GEM emissions showed moderate negative δ 202Hg (e.g., −0.58‰) and near-zero Δ 199Hg and Δ 200Hg 
signatures (R. Y. Sun et  al.,  2016,  2019), which differ appreciably from those of land surfaces emissions 
(e.g., δ 202Hg  =  −1.13‰; Δ 199Hg  =  −0.13‰; Δ 200Hg  =  0.02‰) and background atmospheric pools (e.g., 
δ 202Hg = 0.43‰; Δ 199Hg = −0.20‰; Δ 200Hg = −0.05‰) (Jiskra et al., 2021; Yuan et al., 2019, 2021; Zhu 
et al., 2022). The different isotopic signatures for different Hg sources provide a basis for identifying sources 
of atmospheric GEM making use of Hg stable isotopes. Measurements of Hg isotopic compositions and trends 
in environmental reservoirs are helpful for better understanding the impact of anthropogenic emissions on Hg 
biogeochemical cycling and evaluating the effectiveness of emission control measures under the Minamata 
Convention (Kwon et al., 2020). Previous studies observed coherent changes in sediment Hg isotopic compo-
sitions with the increase of anthropogenic emissions since industrialization, indicating essential response of 
atmospheric Hg isotopic compositions to the anthropogenic drivers (Lepak et  al.,  2020). To date, however, 
studies on the temporal changes in atmospheric Hg isotopic compositions as well as their potential drivers are 
still lacking.

In the present study, we first analyzed GEM concentrations that were continuously measured at the remote Mt. 
Changbai (MCB) in northeastern China during April 2015 and November 2021 and Mt. Ailao (MAL) in south-
western China during January 2017 and November 2021. We then analyzed isotopic compositions of GEM that 
were measured in the first and last year of the observation period at both sites. The objectives of this study are 
to: (a) document the temporal trends in atmospheric GEM at remote sites in China; (b) investigate the response 
of GEM isotopic compositions to the changes of GEM concentrations; and (c) explore the factors controlling 
the changes in GEM concentrations and isotopic compositions and estimate the changes in anthropogenic Hg 
emissions using Hg stable isotopes.
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2. Materials and Methods
2.1. Sampling Sites

Observations of GEM concentrations and isotopic compositions were conducted at Mt. Changbai (MCB, 
128.113°E, 42.400°N, 741 m above sea level (a.s.l.)) and Mt. Ailao (MAL, 101.020°E, 24.533°N, 2450 m a.s.l.) 
forest sites in northeastern and southwestern China, respectively. These two sites are regional background sites 
because there were no strong point Hg sources within 50 km in radius (Figure 1). Continuous monitoring of 
GEM started from October 2008 at MCB and from May 2011 at MAL. These two sampling sites were oper-
ated as master observational stations in the Global Mercury Observation System (GMOS) during 2011–2015 
(Sprovieri et  al.,  2016). Additional descriptions of the sampling sites can be found in a previous study (Fu 
et al., 2019).

2.2. Continuous GEM Measurements

GEM concentrations were continuously measured at an interval of 5  min using Tekran 2537 mercury vapor 
analyzers. The analyzers are designed to measure GEM at sub-ng m −3 levels based on collection of GEM onto 
dual gold cartridges, followed by thermal desorption and detections using Cold Vapor Atomic Fluorescence 
Spectrometry (CVAFS). The data quality was controlled by internal permeation source calibrations every 47 hr 
at MCB and 71 hr at MAL, which were also routinely (months to a year) checked using external Hg(0) vapor 
sources. The operations and maintenance of the analyzers followed the GMOS standard operating procedures 
(Sprovieri et al., 2016). In the present study, GEM concentration data at MCB from April 2015 to November 2021 
and at MAL from January 2017 to November 2021 are presented considering that the starting and ending months 
were also covered by GEM isotope observations at the same sites. At MCB and MAL, GOM on average was less 
than 1% of GEM (Fu, Zhu, et al., 2016; H. Zhang et al., 2016), and thus the observations of concentrations and 
isotopic compositions are fully assigned to GEM in this study.

Figure 1. Location of Mt. Changbai and Mt. Ailao and gridded anthropogenic gaseous elemental mercury emissions in 
China in 2013 and outside China in 2010 (AMAP/UNEP, 2013; K. Y. Liu et al., 2019).
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2.3. Sampling, Processing, and Analysis of GEM Isotopic Compositions

Isotopic compositions of GEM at MCB during April 2015 and April 2016 and at MAL during January and Decem-
ber 2017 were measured in our previous study (Fu et al., 2019), and the same method as described in the previous 
study was also used to measure the GEM isotope composition at MCB and MAL during November 2020 and 
November 2021. Briefly, ambient GEM was continuously collected for 10 days using CLC (chlorine-impregnated 
activated carbon, 0.5 g) traps at a flow rate of 2.0–2.5 L min −1 (Fu et al., 2014). GEM collected onto CLC traps 
was thermally desorbed in a Hg-free argon gas flow and subsequently trapped by mixed acid trapping solutions 
(2HNO3/1HCl, v/v, 5 mL) (K. Li et al., 2019). The trapping solutions containing Hg were kept at 2–4°C in a 
refrigerator before analysis for concentrations and isotope ratios. Blanks of CLC traps were measured, which 
showed a mean blank value of 0.17 ± 0.09 ng (1sd, n = 10), accounting for less than 1% of the total mass of 
GEM collected by CLC. Recoveries of CLC traps for GEM sampling were tested by injections of Hg(0) vapor, 
which showed values ranging from 86.3% to 108.1% (mean = 98.5 ± 5.8%, 1sd, n = 10). GEM concentration of 
each sample was calculated based on the detection of Hg concentration in trapping solution using CVAFS and 
sampling volume, which are in agreement with the concentrations measured by Tekran 2537 (GEMCLC/GEMTekran 
ranged from 88.9% to 126.6% with a mean of 106.1 ± 10.8% at MCB and from 77.2% to 128.2% with a mean of 
97.9 ± 11.5% at MAL).

Isotope ratios of Hg in trapping solutions were measured using cold vapor-multicollector inductively coupled 
plasma mass spectrometry (CV-MC-ICPMS, Nu Instruments, U.K.) following a previous study (Fu et al., 2019). 
MDF signatures are reported in delta notation (δ, ‰) and calculated as follows (Blum & Bergquist, 2007):

𝛿𝛿
xxxHg =

[

(xxxHg∕198Hg)sample∕(
xxxHg∕198Hg)NIST 3133 − 1

]

× 1000‰ (1)

where  xxxHg represents the mercury stable isotopes ( 199Hg,  200Hg,  201Hg,  202Hg, and  204Hg). NIST 3133 refers 
to bracketing NIST (National Institute of Standards & Technology) SRM (Standard Reference Material) 3133 
mercury standard solution, of which the mercury isotope ratios were measured before and after the sample collec-
tion to correct the mass bias of MC-ICPMS. MIF signatures (Δ 199Hg, Δ 200Hg, Δ 201Hg, and Δ 204Hg) were calcu-
lated based on the Kinetic MDF law as follows (Blum & Bergquist, 2007):

∆xxxHg (‰) = 𝛿𝛿
xxxHg −

(

𝛽𝛽
xxx × 𝛿𝛿

202Hg
)

 (2)

where β xxx is 0.252, 0.5024, 0.752, and 1.493 for  199Hg,  200Hg,  201Hg, and  204Hg, respectively.

Isotopic compositions of NIST RM (Reference material) 8610 (UM-Almaden Mono-Elemental Secondary 
Standard) and CRM (Certified Reference Material) BCR (Community Bureau of Reference) 482 Lichen were 
repeatedly measured (every 2–4 samples) to quantify the analytical uncertainties of GEM isotopic compositions, 
which are in agreement with the reference values and previously reported values (Table S1 in Supporting Infor-
mation S1). To ensure the comparability of GEM isotopic compositions between different years, Hg(0) vapor 
with known isotopic compositions extracted from NIST RM 8610 solutions were added into the CLC traps at the 
typical sampling flow rate, similar to those conducted in our previous observations (Fu et al., 2019). The average 
δ 202Hg, Δ 199Hg, and Δ 200Hg values of the addition tests were 0.50 ± 0.13‰, −0.03 ± 0.04‰, and 0.00 ± 0.05‰ 
(2sd, n = 7), respectively, which are consistent with the reference values (Table S1 in Supporting Information S1). 
In this study, the larger 2sd value of either repeated measurements of NIST RM 8610 during the whole analytical 
sessions or the internal repeated measurements of an individual GEM sample is used to report the analytical 
uncertainty of GEM isotopic compositions.

2.4. Ancillary Parameters and Statistical Method

72-hr air mass backward trajectories ended at MCB and MAL at a height of 100 m above ground level (a.g.l.) were 
calculated every 6 hr using a GIS trajectory analysis tool (TrajStat) based on GDAS (Global Data Assimilation 
System) gridded meteorological data from the U.S. National Oceanic and Atmospheric Administration (NOAA) 
(Y. Q. Wang et al., 2009). Potential source regions were identified using a Concentration-Weighted Trajectory 
(CWT) receptor-based model (Text S1 in Supporting Information S1) (Cheng et al., 2013; H. Zhang et al., 2016). 
Mean cumulative anthropogenic GEM emissions (∑anthropogenic emissions, in kg 0.3125° × 0.25° grid −1 h −1), 
which represent the exposure to anthropogenic GEM emissions during the transport of air masses within bound-
ary layer (e.g., <1,000 m a.g.l.) during the preceding 72 hr, were calculated based on the simulated backward 
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trajectories and gridded anthropogenic GEM emissions (0.3125° × 0.25° grid, emissions in China and outside 
China are from K. Y. Liu et al. (2019) and AMAP/UNEP (2013), respectively) (Text S2 in Supporting Informa-
tion S1; Figure 1). K. Y. Liu et al. (2019) revealed that anthropogenic Hg emissions in China were decreasing 
during 2013–2017, and the decreasing rates were broadly similar over different regions across China (Figure S1 
in Supporting Information S1). Therefore, using emission inventory in 2013 would overestimate the ∑anthro-
pogenic emissions during the study periods, but is not expected to confound the interpretation of the impact of 
anthropogenic emissions on the observed GEM concentrations. NDVI (Normalized Difference Vegetation Index) 
at local scale (e.g., 0.5 × 0.5 grid) was scaled from the global gridded NDVI data (NOAA Earth Observations) to 
investigate the changes in vegetation activities. Temporal trends in GEM concentrations and ancillary parameters 
were analyzed using the IBM SPSS Statistic 23 (ANOVA, method: all requested variables entered).

3. Results and Discussion
3.1. Trends in GEM Concentrations and Isotope Compositions

Monthly mean and median GEM concentrations at MCB between April 2015 and November 2021 and at MAL 
between January 2017 and November 2021 are shown in Figure 2; Figure S2 in Supporting Information S1, 
respectively. The average (±1sd) GEM concentrations at MCB and MAL during the whole study periods were 
1.48 ± 0.18 and 1.58 ± 0.28 ng m −3, respectively. These values are slightly higher than the mean GEM concen-
trations obtained at forest sites in Europe (Schmücke, Schauinsland, and Pallas) and North America (Piney Reser-
voir, Huntington Wildlife, Kejimkujik National Park, and Athens Super Site) during the period of 2015–2020 
(1.18–1.52 ng m −3 with an overall mean of 1.34 ng m −3, n = 7) (NADP, 2022; Tørseth et al., 2012). Linear Regres-
sion analysis on the continuous GEM data showed statistically significant declines at MCB during 2015–2021 
(−2.1 ± 0.6% yr −1, p < 0.001) and MAL during 2017–2021 (−4.0 ± 1.4% yr −1, p < 0.01). These decreasing rates 
are comparable with the decline (−3.0%) of GEM concentrations in mainland China during 2013–2017 simulated 
using a GEOS-Chem model (K. Y. Liu et al., 2019), but considerably lower than those (−22.3%–−8.0% yr −1) 
observed at sites close to major anthropogenic source regions in eastern and northern China (e.g., Chongming 
Island during 2014–2016, Dianshan Lake during 2015–2018, and Beijing during 2015–2018) (Qin et al., 2020; 
Tang et al., 2018; Wu et al., 2020).

Comparing the 2  years with GEM isotope observations, that is, April 2015 to April 2016 versus November 
2020 to November 2021 at MCB (months  =  12), and January to December 2017 versus November 2020 to 
November 2021 at MAL (months  =  12), annual mean GEM concentrations decreased from 1.57  ±  0.16 to 
1.38 ± 0.21 ng m −3 (2.2 ± 0.8% yr −1) at MCB at a significant level (Two-independent sample t test, p < 0.05) 
and from 1.68 ± 0.32 to 1.47 ± 0.17 ng m −3 (3.2 ± 2.0% yr −1) at MAL at an insignificant level (Two-independent 
sample t test, p = 0.15) (Figure S3 in Supporting Information S1), in agreement with the trend determined from 
the year to year continuous GEM observations. Such a decline in GEM concentrations was accompanied by 

Figure 2. Monthly mean gaseous elemental mercury (GEM) concentrations at Mt. Changbai from April 2015 to November 2021 (a) and Mt. Ailao from January 2017 
to November 2021 (b). Line indicates the trend in GEM concentrations and shaded area represents the 95% confidence level of the trend.
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increasing δ 202Hg and decreasing Δ 199Hg and Δ 200Hg values (Figure 3). At MCB, the median δ 202Hg, Δ 199Hg, 
and Δ 200Hg values of GEM during November 2020 and November 2021 were 0.46‰ (interquartile range (IQR): 
0.34–0.84‰), −0.21‰ (IQR: −0.23–−0.17‰), and −0.08‰ (IQR: −0.09–−0.05) (n = 33), respectively, which 
were 0.04‰ higher and 0.04 and 0.01‰ lower than the corresponding median values (δ 202Hg = 0.42 (IQR: 
0.26–0.78‰), Δ 199Hg = −0.17 (IQR: −0.21–−0.15‰), and Δ 200Hg = −0.07 (IQR: −0.08–−0.04‰), n = 29) 
during April 2015 and April 2016, respectively (Figure 3; Figure S3 and Table S2 in Supporting Information S1) 
(Fu et al., 2019). A similar trend in GEM isotopic compositions was also observed at MAL, with the median 
δ 202Hg (0.57‰, IQR: 0.36–0.74‰), Δ 199Hg (−0.17‰, IQR: −0.20–−0.14‰), and Δ 200Hg (−0.05‰, IQR: 
−0.07–−0.02‰) during November 2020 and November 2021 (n = 36) being 0.40‰ higher and 0.07 and 0.02‰ 
lower than the corresponding median values (δ 202Hg = 0.17‰, IQR: 0.05–0.31‰; Δ 199Hg = −0.10‰, IQR: 
−0.14–−0.05‰; and Δ 200Hg  =  −0.03, IQR: −0.06–−0.01‰, n  =  20) during January and December 2017, 
respectively (Figure 3; Figure S3 and Table S2 in Supporting Information S1). The changes in GEM isotopic 
compositions between the two individual years are statistically significant (Two-independent sample t test) for 
Δ 199Hg at MCB (p < 0.05) and δ 202Hg and Δ 199Hg at MAL (p < 0.01 for both), whereas they are not statistically 
significant for δ 202Hg and Δ 200Hg at MCB and Δ 200Hg at MAL (p > 0.05 for all) (Figure 3).

GEM δ 202Hg values at MCB and at MAL during November 2020 to November 2021 showed a clear seasonal 
variation with higher GEM δ 202Hg values observed in summer and early autumn (Figure S3 in Supporting Infor-
mation S1), which were significantly correlated with NDVI (ANOVA, r 2 = 0.54–0.71, p < 0.01 for both), indi-
cating the important role of vegetation activity on seasonal variation in GEM δ 202Hg. Such a seasonal pattern 
was also observed at MCB during April 2015 and April 2016, but was not observed at MAL during January and 
December 2017 (Figure S3 in Supporting Information S1), which was likely obscured by the strong seasonal 
changes in the transport of anthropogenic emissions (Fu et al., 2019). Generally, GEM isotopic compositions at 
MCB and MAL fell in the range of those observed at urban sites in China and other global background forest sites 
(Figure 3). GEM δ 202Hg values at MCB and MAL were much higher than those observed at urban sites in China 
with strong anthropogenic emissions (site-specific median, δ 202Hg = −1.05–−0.07‰, n = 11), and much lower 
than those at other global background forest sites (site-specific median, δ 202Hg = 0.70–1.20‰, n = 4). GEM 
Δ 199Hg and Δ 200Hg values at MCB and MAL were much lower than those in urban areas (site-specific median, 
Δ 199Hg = −0.12–−0.01‰, Δ 200Hg = −0.03–0.02‰, n = 11), and slightly higher/similar as compared with those 
at other global background forests (site-specific median, Δ 199Hg = −0.25–−0.19‰, Δ 200Hg = −0.10–−0.05‰, 
n = 4) (Demers et al., 2013; Enrico et al., 2016; Fu, Liu, et al., 2021; Kurz et al., 2020; Yu et al., 2022). Overall, 
isotopic signatures of GEM at both MCB and MAL differed more significantly from those at Chinese urban sites 

Figure 3. Statistical summary of the gaseous elemental mercury (GEM) isotopic compositions ((a) δ 202Hg, (b) Δ 199Hg, and (c) Δ 200Hg) at Mt. Changbai (April 
2015 to April 2016 (Fu et al., 2019) versus November 2020 to November 2021) and MAL (January to December 2017 (Fu et al., 2019) versus November 2020 to 
November 2021). Isotopic compositions of GEM in urban China and global forests are from literature (Demers et al., 2013; Enrico et al., 2016; Fu, Liu, et al., 2021; 
Kurz et al., 2020; Yu et al., 2022). Left whiskers, boxes, lines within boxes, and right whiskers indicate the −1.5 * IQR, interquartile range, median, and +1.5 * IQR, 
respectively, of the grouped observations. Dots are the isotopic compositions of individual GEM sample.

 21698996, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

037749 by C
A

S-Inst of G
eochem

istry, W
iley O

nline L
ibrary on [13/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

WU ET AL.

10.1029/2022JD037749

7 of 16

during 2020–2021 than the preceding 4–6 years, indicating a relatively weaker impact of anthropogenic emis-
sions during 2020–2021.

3.2. Causes of the Changes in GEM Concentrations and Isotope Compositions

Changes in surface GEM concentrations and isotopic compositions could be affected by anthropogenic emissions, 
terrestrial surface emissions, global background atmospheric pool, vegetation activities, and atmospheric oxida-
tion processes (Fu et al., 2019; Fu, Jiskra, et al., 2021; Jiskra et al., 2018; Lei et al., 2014; Slemr et al., 2011; Wu 
et al., 2020; Y. X. Zhang et al., 2016). In the present study, we analyzed the source regions using a CWT model 
and found the major source regions of GEM at MCB were in northern and eastern China, while those at MAL 
were in southwestern China (Figure 4). The gridded GEM CWT values at MCB and MAL were significantly 
positively correlated with gridded anthropogenic GEM emissions (r 2 = 0.66–0.78, p < 0.01 for both sites, Text 
S1 and Figure S4 in Supporting Information S1) (AMAP/UNEP, 2013; K. Y. Liu et al., 2019), indicating anthro-
pogenic emissions were an important factor controlling the variations in GEM concentrations at MCB and MAL. 
Due to the air pollutant emission control measures implemented since a decade ago, anthropogenic Hg emissions 
in China are expected to decrease in recent years (K. Y. Liu et al., 2019). We therefore tried to verify whether the 
declines of GEM concentrations at MCB and MAL were mainly driven by decreases in anthropogenic emissions.

In China, cement production, coal combustion, and non-ferrous metal smelting are the dominant source sectors of 
anthropogenic Hg emissions (K. Y. Liu et al., 2019), and the Hg isotope signatures of source materials (n = 182) 
for these source sectors are compiled and shown in Table S3 in Supporting Information S1 (Fan et al., 2021; 
Shen et al., 2019; Yin et al., 2014, 2016). Based on the relative contributions of these source sectors to the total 
anthropogenic GEM emissions in China in 2017 (K. Y. Liu et al., 2019), we estimated that median Δ 199Hg and 
Δ 200Hg of GEM emitted from Chinese anthropogenic sources are 0.02‰ (IQR: −0.01–0.06‰) and 0.02‰ 
(IQR: 0.00–0.03‰), respectively (δ 202Hg was not calculated due to the MDF of Hg isotopes during emission 
processes). These values are in agreement with the isotope signatures estimated for global anthropogenic GEM 
emissions (δ 202Hg = −0.58‰, Δ 199Hg = −0.02‰, Δ 200Hg = 0.00‰) (R. Y. Sun et al., 2019), but much more 
positive as compared with the GEM mainly impacted by free tropospheric air masses (δ 202Hg = 0.36‰ (median, 
IQR: 0.09–0.47‰), Δ 199Hg  =  −0.28‰ (median, IQR: −0.31–−0.24‰), Δ 200Hg  =  −0.11‰ (median, IQR: 
−0.14–−0.07‰), n  =  20) (Figure  5; Table S3 in Supporting Information  S1) (Fu, Jiskra, et  al.,  2021; Kurz 
et al., 2020; Nguyen et al., 2021). Thus, a decrease in anthropogenic emissions in China has the potential to lower 
the relative contributions of anthropogenic emissions, subsequently shifting the GEM isotopic compositions 
toward higher δ 202Hg and lower Δ 199Hg and Δ 200Hg values as observed in this study (Figure 5).

In addition to the decreases in anthropogenic emissions, changes in transport patterns of anthropogenic emis-
sions may also be important for the shifting of the GEM isotopic compositions. Less anthropogenic GEM emis-
sions transported to MCB and MAL due to changing regional atmospheric transport patterns would have similar 

Figure 4. Potential source regions identified using Concentration-Weighted Trajectory model at Mt. Changbai (a) and Mt. Ailao (b) during November 2020 and 
November 2021.
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impact on the changes in surface GEM concentrations and isotopic compositions as to those caused by reduced 
anthropogenic emissions. We calculated ∑anthropogenic GEM emissions to evaluate whether the changes in 
GEM concentrations and isotopic compositions were due to less exposure of air masses to anthropogenic emis-
sions (Text S2 in Supporting Information S1). At MCB, yearly mean ∑anthropogenic emissions show a slightly 
increase during 2015–2021 (0.4 ± 1.0% yr −1, p = 0.57), while yearly mean ∑anthropogenic emissions at MAL 
show a considerable decline (∼32%) from 2018 to 2019 but turn to increase during 2019–2021 (6.1 ± 2.9% yr −1, 
Figure S5 in Supporting Information S1). These ∑anthropogenic emissions trends are not consistent with those 
of GEM concentrations. Thus, the interannual variations in the transport of anthropogenic emissions likely played 
a minor role in the temporal changes of GEM concentrations at these two sites. The annual mean ∑anthropo-
genic emission at MAL during November 2020 and November 2021 was 17% lower than that during January 
and December 2017, which may partly explain the increase of δ 202Hg and decrease of GEM concentrations and 
Δ 199Hg at this site. In contrast, the changes in the mean ∑anthropogenic emissions at MCB from April 2015–
April 2016 to November 2020–November 2021 were extremely small (increased by 2%), which was not likely the 
main cause of the significant changes in GEM concentrations and Δ 199Hg at MCB.

GEM emissions from terrestrial surfaces (mainly soils) are also an important factor controlling the GEM levels in 
China (X. Wang et al., 2016). Isotopic compositions of GEM net emissions from terrestrial surfaces were recently 
investigated, which showed lower δ 202Hg (median: −1.13‰, IQR: −2.00–−0.47‰) and Δ 199Hg (median: 
−0.13‰, IQR: −0.26–−0.02‰), and similar Δ 200Hg (median: 0.02‰, IQR: −0.01–0.03‰) as compared with 
those of anthropogenic emissions (Figure 5; Table S3 in Supporting Information S1) (Yuan et al., 2019, 2021; Zhu 
et al., 2022). Thus, decreasing surface emissions could also lead to decreases in GEM concentrations and Δ 200Hg 
and increases in δ 202Hg values, but would cause insignificant Δ 199Hg shift because the GEM Δ 199Hg at MCB and 
MAL in earlier years were close to that emitted from land surfaces. Surface GEM emissions are mainly controlled 
by substrates Hg concentrations, solar radiation, and temperature (Agnan et al., 2016). Regional net radiation and 
surface temperatures at MCB and MAL were relatively constant during the study period (Figures S6 and S7 in 
Supporting Information S1), implying relatively stable soil Hg emissions considering that the large mass and long 
lifetime of Hg in soil pool (Smith-Downey et al., 2010; W. B. Sun et al., 2022). Decreases in anthropogenic emis-
sions would reduce atmospheric input to soil Hg through atmospheric deposition, which in turn affects surface 
GEM emissions due to re-emission processes. However, the decreasing rate should be low (e.g., ∼0.24% yr −1 
under zero anthropogenic emissions scenario) according to modeling studies (Amos et al., 2013; Smith-Downey 
et al., 2010), which is insufficient to dominate the significant declines in GEM concentrations.

Figure 5. Site-specific median gaseous elemental mercury (GEM) isotopic compositions at global surface sites (n = 25, Table S4 in Supporting Information S1) and 
statistical summary of the isotopic compositions of GEM emissions from anthropogenic sources and land surfaces, and background free tropospheric GEM pool ((a) 
δ 202Hg vs. Δ 199Hg and (b) Δ 200Hg vs. Δ 199Hg). Data are from this study and the following literature: anthropogenic GEM emissions (Fan et al., 2021; Shen et al., 2019; 
R. Y. Sun et al., 2016; Yin et al., 2014, 2016), land surface GEM emissions (Yuan et al., 2019, 2021; Zhu et al., 2022), background free tropospheric GEM pool (Fu, 
Jiskra, et al., 2021; Kurz et al., 2020; Nguyen et al., 2021), and atmospheric GEM at other surface sites (Demers et al., 2015; Enrico et al., 2016; Fu et al., 2018, 2019; 
Fu, Jiskra, et al., 2021; Gratz et al., 2010; Jiskra et al., 2019; Kurz et al., 2020; Nguyen et al., 2021; Obrist et al., 2017; Yu et al., 2021, 2022). White circles within the 
shaded boxes indicate the median δ 202Hg, Δ 199Hg, and Δ 200Hg estimated for anthropogenic emissions, land surface emissions, and background free tropospheric pool, 
and the shaded boxes indicate the interquartile range of estimated isotopic compositions.
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Observations of nighttime GEM concentrations at Mauna Loa, USA (dominated by katabatic wind) showed an 
insignificant weak decline (−0.26 ± 0.76% yr −1, p = 0.74) during 2015–2020 (Figure S8 in Supporting Informa-
tion S1) (NADP, 2022), which is much lower than the trends observed at MCB and MAL (−4.0%–−2.1% yr −1). 
GEM in the free troposphere is generally characterized by much higher δ 202Hg and much lower Δ 199Hg and 
Δ 200Hg relative to those from anthropogenic and surface emissions (Figure 5; Table S3 in Supporting Informa-
tion S1) (Fan et al., 2021; Fu, Jiskra, et al., 2021; Kurz et al., 2020; Nguyen et al., 2021; Shen et al., 2019; R. Y. 
Sun et al., 2016; Yin et al., 2014, 2016; Yuan et al., 2021; Zhu et al., 2022). If the declines at MCB and MAL were 
mainly caused by a decline in the global background GEM pool, a decrease of δ 202Hg and increases of Δ 199Hg 
and Δ 200Hg at MCB and MAL would be anticipated because the relative contributions of anthropogenic and 
surface emissions to surface GEM would increase. This is in contrast with the changes in GEM isotopic compo-
sitions, suggesting a minor role of global background atmospheric pool in the observed GEM trend.

Exchange of GEM between foliar and atmosphere would lead to a positive shift in δ 202Hg due to foliar uptake 
and a small negative shift in Δ 199Hg due to re-emission of Hg from foliage, and this explains well the significant 
positive δ 202Hg values observed at global forest sites (Figures 3 and 5) (Demers et al., 2013; Fu et al., 2019; 
Yuan et al., 2019). According to a previous study at MCB, a 100% increase of NDVI (representing vegetation 
activity) would result in a decline of ∼15% in GEM concentrations, a +0.50‰ shift in δ 202Hg, and a +0.05‰ 
shift in Δ 199Hg (Fu et al., 2019). However, the interannual changes in NDVI at MCB and MAL were extremely 
small (from 0.54 to 0.57 at MCB during 2015–2021 and from 0.71 to 0.72 at MAL during 2017–2021, Figure S9 
in Supporting Information S1), which unlikely cause significant temporal changes in GEM concentrations and 
isotope compositions.

Oxidation of GEM plays an important role in the global GEM cycling (Holmes et al., 2010; Selin et al., 2007), 
however, its roles on the long-term trends in GEM is still not well understood. Annual mean GOM concentra-
tions at MCB (5.4 ± 6.4 pg m −3) and MAL (2.2 ± 2.3 pg m −3) were much lower than those observed at other 
high-altitude sites in the Northern Hemisphere (means: 14.0–43  pg  m −3) (Fain et  al.,  2009; Fu, Marusczak, 
et al., 2016; C. Liu et al., 2022; Sheu et al., 2010; Swartzendruber et al., 2006; H. Zhang et al., 2016), indi-
cating the oxidation of GEM is relatively slow at MCB and MAL. Recent global atmospheric Hg modeling 
proposed that GEM is oxidized to Hg(II) via a two-step oxidation, with atomic bromine (Br) and OH as the main 
oxidants during the first step (Holmes et al., 2010; Saiz-Lopez et al., 2020; Shah et al., 2021). Concentrations 
of reactive bromine and OH were not measured at our stations, but modeling studies proposed that the levels  of 
reactive bromine and OH in global troposphere should remain relatively steady during 2015–2021 (trends: 
−0.01%–0.12% yr −1) (Badia et al., 2021; Q. Li et al., 2022), which is not likely to cause significant declines in 
GEM concentrations. In addition, a laboratory experiment (at 298 K) showed that gas-phase photooxidation of 
GEM by atomic Br could shift the GEM isotopic compositions toward lower δ 202Hg and higher Δ 199Hg values 
(G. Sun et al., 2016). In the present study, however, declines in GEM concentrations at MCB and MAL were 
both accompanied by increasing δ 202Hg and decreasing Δ 199Hg values, and therefore cannot be explained by the 
changes in Br-initiated atmospheric GEM oxidation.

In summary, most factors discussed above, including terrestrial surface emissions, background pool, vegetation 
activities, and atmospheric oxidation processes, either remained relative constant during the study period or their 
changes cannot fully explain the synchronous changes in GEM concentrations and isotopic compositions, leaving 
anthropogenic emissions as a dominant feasible factor causing the continuously decreased GEM concentrations 
and shifting isotopic compositions in recent years at these two sites. The changes in GEM isotopic compositions 
with GEM concentrations is systematically consistent at the two investigated sites and are statistically significant 
for Δ 199Hg at MCB and δ 202Hg and Δ 199Hg at MAL, and such a phenomenon is broadly in agreement with sedi-
mentary and fish records (Lee et al., 2021; Lepak et al., 2019, 2020). For example, Lepak et al. (2019) observed 
increasing δ 202Hg and decreasing Δ 199Hg (e.g., ∼0.02‰ yr −1) values in fish and sedimentary in Lake Michi-
gan, USA since the early 1990s when regional anthropogenic emissions and atmospheric GEM concentrations 
started decreasing (Y. X. Zhang et al., 2016). In addition, global sediments showed relatively lower Δ 199Hg and 
Δ 200Hg values in pre-industrial sediments when anthropogenic Hg emissions were low (decreasing by 0.013‰ 
decade −1 for Δ 199Hg and 0.0014‰ decade −1 for Δ 200Hg as compared to present-day value) (Lee et al., 2021; 
Lepak et  al.,  2020). Therefore, our observations would probably reflect a regular response of GEM isotopic 
compositions to reduced anthropogenic emissions. The small changes in GEM isotopic compositions should 
be attributed to the fact that the difference in the isotopic compositions between anthropogenic emissions and 
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atmospheric pool (especially for Δ 200Hg) are not sufficiently large, yet such small changes may require apprecia-
ble reductions in anthropogenic emissions.

3.3. Contributions of Anthropogenic Emissions to GEM and Its Temporal Changes

GEM in the continental boundary layer could be sourced from anthropogenic emissions, terrestrial surface emis-
sions, and intrusions of air masses from the background free tropospheric pool. δ 202Hg could be largely shifted by 
vegetation activities especially at forest sites and is thus not utilized in the mixing model (Fu et al., 2019). Previous 
high-altitude observational and global modeling studies suggested that photochemical oxidation and reduction of 
atmospheric Hg have a potential to shift GEM Δ 199Hg and Δ 200Hg (Fu, Jiskra, et al., 2021; Song et al., 2022). 
However, photooxidation and photoreduction rate of atmospheric Hg in the continental boundary layer are typically 
very low (Horowitz et al., 2017; Shah et al., 2021), and it would not likely change the GEM Δ 199Hg and Δ 200Hg 
significantly during the short-period (less than a few days) atmospheric transport from regional sources to receptors. 
Here we used a ternary mixing model based on Δ 199Hg and Δ 200Hg to estimate the relative contributions of anthro-
pogenic emissions to surface GEM (Equations 3–5), and to probe the changes in  regional anthropogenic emissions.

∆199Hgsample = 𝑓𝑓anthro × ∆199Hganthro + 𝑓𝑓surface × ∆199Hgsurface + 𝑓𝑓background × ∆199Hgbackground (3)

∆200Hgsample = 𝑓𝑓anthro × ∆200Hganthro + 𝑓𝑓surface × ∆200Hgsurface + 𝑓𝑓background × ∆200Hgbackground (4)

1 = 𝑓𝑓anthro + 𝑓𝑓surface + 𝑓𝑓background (5)

where fanthro, fsurface, and fbackground are the fractions of surface GEM sourced from anthropogenic emissions, terres-
trial surface emissions, and background free tropospheric pool, respectively; Δ 199Hgsample and Δ 200Hgsampe are the 
measured MIF values of GEM samples; Δ 199Hganthro and Δ 200Hganthro are the MIF signatures of anthropogenic 
emissions estimated from cement, coal, and zinc ores materials (n = 182) (Fan et al., 2021; Shen et al., 2019; 
Yin et  al.,  2014,  2016); Δ 199Hgsurface and Δ 200Hgsurface are the MIF signatures of GEM emitted from terres-
trial surfaces (soils and foliage, n = 61) (Yuan et  al., 2019, 2021; Zhu et  al., 2022); and Δ 199Hgbackground and 
Δ 200Hgbackground are the MIF signatures of GEM from free tropospheric air in the Northern Hemisphere (n = 20) 
(Fu, Jiskra, et al., 2021; Kurz et al., 2020; Nguyen et al., 2021). The median (IQR) Δ 199Hg and Δ 200Hg values of 
the end-members are shown in Figure 5, which encompass most of the observations in the Northern Hemisphere. 
A Monte Carlo simulation was used to estimate the relative contributions and uncertainties, in which one million 
groups of Δ 199Hg and Δ 200Hg values randomly ranging from IQR of end-members and the analytical uncertain-
ties of the measured Δ 199Hgsample and Δ 200Hgsampe were taken into account.

The contributions of anthropogenic emissions to GEM at MCB and MAL during November 2020 and Novem-
ber 2021 are estimated to be 23 ± 8% (0.31 ± 0.11 ng m −3, mean ± 1sd) and 31 ± 15% (0.46 ± 0.22 ng m −3, 
mean ± 1sd), respectively, which are significantly lower than those at MCB during April 2015 and April 2016 
(29  ±  9%, 0.45  ±  0.15  ng  m −3, mean  ±  1sd) and at MAL during January and December 2017 (42  ±  17%, 
0.70 ± 0.28 ng m −3, mean ± 1sd) (p < 0.05 at MCB and <0.01 at MAL, Figure 6; Figure S10 in Supporting 
Information S1). Terrestrial surface emissions were also responsible for the observed GEM declines at MCB 
and MAL, likely due to their concurrent changes with reduced anthropogenic emissions and/or less expo-
sures of air mass to the terrestrial surface emissions during 2020/2021, but their declines in GEM concentra-
tions (means: −0.12–−0.06 ng m −3) were lower than the declines driven by anthropogenic emissions (means: 
−0.25–−0.14 ng m −3) (Figure S10 in Supporting Information S1). GEM concentrations sourced from background 
free tropospheric pool at MCB and MAL showed a slightly increase (means: 0.07–0.11 ng m −3), which were 
likely owing to large exposure of air to non-anthropogenic sources regions during 2020/2021 (Figure S5 in 
Supporting Information S1). Overall, the above calculations suggest reduction in anthropogenic emissions was 
the dominant factor causing the GEM declines at MCB and MAL over the past 5–7 years, which can explain 74% 
and nearly all of the total declined GEM concentrations at MCB from 2015/2016 to 2020/2021 and at MAL from 
2017 to 2020/2021.

We acknowledge additional uncertainties in our calculations due to the assumption that the MIF signatures of 
the ternary end-members sources remained constant over the past years. Besides, other potential sources (e.g., 
biomass burning and volcanic emissions) were not considered in the calculations because of the lack of sufficient 
isotopic signatures of their GEM emissions (Duncan et al., 2003; Ebinghaus et al., 2007). We also estimated the 
relative contributions of anthropogenic emissions to surface GEM in remote China, urban China, Europe, and 
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North America, and obtained mean (±1sd) percentage contributions of 30 ± 3% (n = 193), 49 ± 4% (n = 159), 
26 ± 8% (n = 23), and 20 ± 4% (n = 62), respectively (Figure 6). The above values for China (30%–49%) are 
in a similar range of those generated from modeling studies (on average from 33% to 41%) (Chen et al., 2014; 
X. Wang et al., 2018), but those for Europe and North America (20%–26%) are higher than previous modeling 
results (4%–20% from domestic anthropogenic emissions or combustion sources) (Chen et al., 2014; Custódio 
et al., 2022; Strode et al., 2008), causes for the latter case are attributed to intercontinental transport of anthropo-
genic emissions (Strode et al., 2008).

Assuming that contributions of anthropogenic emissions to surface GEM respond proportionately to the changes 
in regional anthropogenic emissions and exposure of air to anthropogenic emissions (Text S3 in Supporting Infor-
mation S1), we estimated a 5.8 ± 2.8% yr −1 (1sd) decline during 2015–2021 for regional anthropogenic GEM 
emissions at MCB and a 4.8 ± 3.0% yr −1 (1sd) decline during 2017–2021 at MAL. Despite potential uncertainties 
in this estimation method due to the simplified assumptions (Text S3 in Supporting Information S1), our results 
appear to be similar to the decline of total anthropogenic Hg emissions (5.5% yr −1) during 2013–2017 accord-
ing to the established anthropogenic emission inventory (K. Y. Liu et al., 2019). Emission control measures for 
air pollutants, especially for SO2 and PM2.5, were proposed to be major drivers of declining anthropogenic Hg 
emissions (K. Y. Liu et al., 2019; S. X. Wang et al., 2010; Y. X. Zhang et al., 2016). We found that the declines 
in anthropogenic Hg emissions reported in the inventory significantly correlated with the declines in surface 
PM2.5 and SO2 concentrations in China during 2013–2017 (Figure S12 in Supporting Information S1) (K. Y. Liu 
et al., 2019; Wei et al., 2021, 2022). Surface PM2.5 and SO2 concentrations in China continued decreasing after 
2017, indicating continued effort of air pollution control measures, which would consequently lead to decreasing 
anthropogenic Hg emissions in recently years. Using the empirical relationships established during 2013–2017 
and taking the decreasing rates of surface PM2.5 and SO2 concentrations from 2015 to 2020/2021 as input, we 
would predict an average decline of 5.1 ± 0.1% yr −1 (1sd) in anthropogenic GEM emissions in China from 2015 
to 2021, which is overall consistent with the values obtained using the stable Hg isotopes.

4. Conclusions and Environmental Implications
GEM concentrations at two remote sites in China showed continuous decreasing trends over the past 5–7 years, 
which were mostly likely caused by decreasing regional anthropogenic emissions, as supported by observations 

Figure 6. Contributions (mean ± 1sd) of anthropogenic emissions to gaseous elemental mercury (GEM) at MCB and MAL 
during the two investigated years, rural and urban sites in China, rural sites in Europe, and North America sites. Data are 
estimated using a ternary mixing model based on Δ 199Hg and Δ 200Hg observed in this and previous studies. Dots are the 
anthropogenic contributions of each GEM isotope sample.

 21698996, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JD

037749 by C
A

S-Inst of G
eochem

istry, W
iley O

nline L
ibrary on [13/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Atmospheres

WU ET AL.

10.1029/2022JD037749

12 of 16

of Hg isotopes. Such a finding is broadly in agreement with modeling studies which showed that atmospheric 
GEM levels responded quickly to anthropogenic emissions abatements (Amos et al., 2013; K. Y. Liu et al., 2019; 
Y. X. Zhang et al., 2016). Considering the expected increase in China's anthropogenic Hg emissions before 2015 
due to the rapid economic development and its big contribution to the global total anthropogenic Hg emissions 
(AMAP/UNEP, 2019; K. Y. Liu et al., 2019; Streets et al., 2019a), abatement of anthropogenic Hg emissions in 
China would have significant impact on global Hg cycling. The observations in this study, together with GEM 
declines reported in previous studies (Nguyen et al., 2019; Qin et al., 2020; Tang et al., 2018; Wu et al., 2020), 
indicate the trends in Chinese anthropogenic GEM emissions probably have reversed from early years increas-
ing to recent years declining. Previous studies on Hg emission inventory showed that global anthropogenic Hg 
emissions increased during 2010–2015, largely (∼50%) driven by the increases in East Asia (essentially China) 
(AMAP/UNEP, 2019; Streets et al., 2019a). Given the large share and rapid decrease of Chinese emissions over 
the past several years, the declines in China would likely offset or outweighed the increases in other developing 
regions, subsequently have a potential to result in a reduction of global anthropogenic emissions in recent years.

Results from this study suggest possible changes in isotope compositions of atmospheric Hg pool resulted from 
changing anthropogenic emissions. The decline in anthropogenic Hg emissions would result in increasing δ 202Hg 
and decreasing Δ 199Hg and Δ 200Hg values of surface GEM. Since GEM is the dominant form of atmospheric 
Hg (Horowitz et al., 2017; Shah et al., 2021), the integrated isotope composition of atmospheric Hg pool should 
respond in a similar direction to that of GEM. A recent study on fish and sediments Hg isotopic compositions in 
Lake Michigan, USA observed increasing δ 202Hg and decreasing Δ 199Hg after 1990 (Lepak et al., 2019), which 
were likely due to the reduced anthropogenic Hg emissions in USA as a result of the implementation of control 
measures (Streets et al., 2019b; Y. X. Zhang et al., 2016). In addition, isotope compositions of pre-industrial 
sediments globally were normally characterized by lower Δ 199Hg and Δ 200Hg as compared with present-day sedi-
ments (Lee et al., 2021; Lepak et al., 2020). These records require higher δ 202Hg and lower Δ 199Hg and Δ 200Hg 
signatures for the atmospheric Hg pool under low regional and/or global anthropogenic emissions, which can be 
essentially explained by our observations.

It is noted that some discrepancies still exist between our observations and sedimentary Hg isotope records. For 
example, sedimentary records indicate that atmospheric Hg deposition and pool before industrialization likely had 
relatively lower δ 202Hg values (Lee et al., 2021; Lepak et al., 2020), in contrast with our observations of increasing 
GEM δ 202Hg values under decreasing regional anthropogenic emissions conditions. We speculate that the δ 202Hg 
signatures of atmospheric pools may not respond in a uniform direction to the changes in anthropogenic emissions 
because of the following reasons. (a) Long-term changes in δ 202Hg of well-processed and well-mixed background 
atmospheric GEM pool with anthropogenic emissions may differ from those of regional boundary air. Anthropo-
genic emissions have lower δ 202Hg than that of background atmospheric pool, and a decrease in regional anthro-
pogenic emissions would therefore have a potential to shift regional δ 202HgGEM values positively as discussed 
above. Globally, however, large shares of emissions from terrestrial surface, oceans, and geogenic sources in total 
Hg emissions (>90%) before industrialization could produce lower δ 202Hg in background atmospheric pool than 
present-day conditions because of their lower δ 202Hg signatures than anthropogenic emissions (Selin et al., 2008; 
R. Y. Sun et al., 2019; Zambardi et al., 2009; Zhu et al., 2022). (b) Pre-industrial anthropogenic emissions had 
relatively lower δ 202Hg (R. Y. Sun et al., 2016), which have already been used to interpret the changes of δ 202Hg 
in sediments (Lee et al., 2021; Lepak et al., 2020). (c) GEM uptake by foliage and organic soils were not sufficient 
to drive large positive δ 202Hg shifts in atmospheric GEM pools before industrialization. Although atmospheric 
deposition of GEM to foliage and organic soils plays an important role in present-day global Hg cycling and could 
shift GEM δ 202Hg values positively (Fu et al., 2019; Jiskra et al., 2018; Selin et al., 2008; Zhou & Obrist, 2021; 
Zhu et al., 2022), this process is considered to be less important before industrialization due to the much lower 
ambient levels of GEM (e.g., <0.5 ng m −3) (Enrico et al., 2017; Fu, Zhu, et al., 2016; Selin et al., 2008), which 
may explain the relatively lower δ 202Hg signature in preindustrial atmospheric Hg pool. This hypothesis is 
supported by the smaller positive or negative shift in δ 202HgGEM during foliar- and soil-atmosphere exchange 
under low ambient GEM concentrations (Yuan et al., 2019; Zhu et al., 2022). We caution that the links between 
sedimentary and atmospheric Hg isotope signatures are highly complicated, and many other factors including the 
changes in deposition pathways, water-atmosphere exchanges, and Hg transformation in atmosphere and water 
may also affect the trends of Hg isotope composition in both atmospheric pool and sediments. Further knowledge 
on the mechanisms of these processes and their associated Hg isotope fractionation are needed to better evaluate 
the changes in anthropogenic emissions and Hg biogeochemical cycling using stable Hg isotope data.
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Data Availability Statement
Data discussed in the present study can be found in a public domain repository (https://doi.org/10.57760/
sciencedb.08276).
Additional information of the ancillary methodology, isotopic compositions of GEM, and temporal changes in 
environmental factors are presented in the Supporting Information S1 (Text S1–S3, Tables S1–S4, and Figures 
S1–S12).
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