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ARTICLE INFO ABSTRACT

Editor: Mae Sexauer Gustin Understanding sources and processes affecting atmospheric mercury (Hg) are key to enabling targeted Hg manage-
ments under the Minamata Convention on Mercury. We employed stable isotopes (8§2°?Hg, A'*°Hg, A>*'Hg, A>°°Hg,

Keywords: A**Hg) and backward air trajectories to characterize sources and processes affecting total gaseous Hg (TGM) and par-

Mercury

ticulate bound Hg (PBM) in a coastal city, South Korea, subjected to atmospheric Hg sources of a local steel

ble isot L. . . . .
2:;;1150 ope manufacturing industry, coastal evasion from the East Sea, and long-distance transport from East Asian countries.
East Asia Based on the simulated airmasses and the isotopic comparison with TGM characterized from other urban, remote,

Total gaseous mercury (TGM) and coastal sites, TGM evaded from the coastal surface of the East Sea (warm seasons) and from the land surface in

Particulate bound mercury (PBM) high latitude regions (cold seasons) act as important sources relative to local anthropogenic emissions at our study lo-
cation. Conversely, a significant relationship between A'®’Hg and concentrations of PBM (r* = 0.39, p < 0.05) and a
seasonally uniform A'9°Hg/A%*"Hg slope (1.15), except for summer (0.26), suggest that PBM is generally sourced from
local anthropogenic emissions and subjected to Hg®" photo-reduction on particles. The striking isotopic similarity be-
tween our PBM (82°?Hg; — 0.86 to 0.49 %o, A'°°Hg; —0.15 to 1.10 %o) and those previously characterized along the
coastal and offshore regions of the Northwest Pacific (§2°*Hg; —0.78 to 1.1 %o, A'*°Hg; —0.22 to 0.47 %o) infer that
anthropogenically emitted PBM from East Asia and those processed in the coastal atmosphere serves as a regional iso-
topic end-member. The implementation of air pollution control devices can reduce local PBM, while regional and/or
multilateral efforts are required to manage TGM evasion and transport. We also anticipate that the regional isotopic
end-member can be used to quantify the relative influence of local anthropogenic Hg emissions and complex processes
affecting PBM in East Asia and other coastal regions.
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1. Introduction

Mercury (Hg) is a globally distributed atmospheric pollutant, which can
cause negative ecosystem and human health impacts upon exposure
(Driscoll et al., 2013; Mergler et al., 2007). The processes leading to atmo-
spheric Hg deposition and subsequent accumulation in the biosphere are
largely dependent on redox transformations between operationally defined
Hg species (Amos et al., 2012). Gaseous elemental Hg (GEM or Hgo) oc-
cupies the largest atmospheric Hg fraction (~90 %) and travels long dis-
tances from the source region of primary anthropogenic emission and
secondary re-emission from geochemical surfaces (Selin, 2009). Upon oxi-
dation or binding with particles, gaseous oxidized Hg (GOM or Hg*™")
and particulate bound Hg (PBM) deposit rapidly to the biosphere in the
form of wet and dry deposition. Among the operationally defined species,
Hg® and PBM are regarded to be important media for evaluating the effec-
tiveness of the Minamata Convention (MC), a multilateral agreement to
mitigate anthropogenic Hg emissions (Kwon et al., 2020). This is because
PBM is generally sourced from local anthropogenic emissions and can ac-
count for >40 % in industrial regions (Guo et al., 2022), and Hg0 reflects
globally distributed Hg species. From the policy perspective, quantifying
temporal changes in Hg® and PBM can inform the effectiveness of both
local and global policies and technologies implemented under the MC.

Quantifying Hg concentration alone has been challenged by the recent
scientific debate regarding potential sources and/or processes governing
temporal trends in atmospheric Hg species (Kwon and Selin, 2016). More
specifically, while much of the concentration measurements report notice-
able reductions in atmospheric Hg species over the Northern Hemisphere
in recent decades (Butler et al., 2008; Cole et al., 2013; Slemr et al., 2011),
conflicting hypotheses, including a reduction in anthropogenic emission, leg-
acy Hg, and re-emission from the ocean surface, have been proposed to ex-
plain the observed changes (Soerensen et al., 2012; Zhang et al., 2016). As
for the PBM, simulations of a global Hg model suggest that Hg® oxidation
followed by gas-phase particle adsorption plays an equally important role
in explaining the measured PBM in addition to direct anthropogenic emis-
sions (Amos et al., 2012). We propose that targeted Hg management, espe-
cially under the MC, is dependent on the insights of specific sources and
processes affecting atmospheric Hg species over time and space.

Here, we employ Hg stable isotopes to characterize sources and pro-
cesses affecting Hg® and PBM in a coastal city of South Korea. Mercury iso-
topes have proven useful for identifying the influence of various
anthropogenic and natural Hg sources (e.g., Blum et al., 2014; Kwon
et al., 2020). Mass-dependent (MDF; 82°2Hg) and mass-independent frac-
tionation (MIF; A'?°Hg, A?°'Hg, A%°°Hg, A***Hg) of Hg isotopes have
also provided insights into biogeochemical processes modifying Hg
sources, transport, and fate (Sonke, 2011; R. Sun et al., 2019). MIF of the
even- (A?°°Hg, A***Hg) and odd-mass number isotopes (A'?°Hg, A%°'Hg)
are regarded to be particularly beneficial to the understanding of atmo-
spheric processes. This is because A2°°Hg and A?°*Hg changes occur pri-
marily via Hg® photo-oxidation in the high troposphere and photo-
dissociation of Hg-oxides (Cai and Chen, 2016; Sun et al., 2022). As for
A'Hg and A*'Hg, Hg** photo-reduction and methylmercury (MeHg)
photo-degradation are the primary processes resulting in measurable
A'°Hg changes in both aqueous solution (Bergquist and Blum, 2007) and
in aerosols with high moisture content (Huang et al., 2021).

Unlike the past isotopic characterizations of Hg® and PBM in inland
urban and remote sites (Das et al., 2016; Guo et al., 2022; Huang et al.,
2016, 2018; Xu et al., 2017), recent atmospheric monitoring over coastal
and offshore regions of the Northwest Pacific are shedding light into the re-
gional influence of anthropogenic Hg emissions in East Asia and complex
processes (i.e., photo-reduction, photo-oxidation, oxidation followed by
particle adsorption) dictating Hg® and PBM isotope ratios in the coastal at-
mosphere (Fu et al., 2018; Huang et al., 2022; Qiu et al., 2021; Xu et al.,
2021). Moreover, controlled experiments in gas- and aqueous phases reveal
that physicochemical properties of PBM can overwhelm the effect of source
isotopic signatures by inducing unique redox chemistry (Huang et al., 2021;
Zhang et al., 2022; Zhao et al., 2021).
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Building upon the recent and emerging studies across coastal regions of
East Asia and the Northwest Pacific (Fu et al., 2018; Huang et al., 2022; Qiu
et al., 2021; Xu et al., 2021), we aim to characterize sources and processes
affecting Hg® and PBM in a coastal city of Pohang, South Korea. We hypoth-
esize that Pohang is influenced by both local anthropogenic Hg emissions
and regional Hg supplied by East Asia and the Northwest Pacific, with
their contributions varying temporally by seasonal airmasses and by differ-
ent atmospheric Hg species. There is a presence of the world's fifth-largest
steel manufacturing industry, known to emit substantial amounts of Hg
and other atmospheric pollutants (e.g., SO,, NOx, PM) (Streets et al.,
2017, 2019; Tang et al., 2020). Pohang is also situated on the East Sea of
the Northwest Pacific and receive airmass transport from the east coast
and inland north, including China (Shin et al., 2020; Zhu et al., 2022),
which accounts for the largest fraction of the global anthropogenic Hg
emission (Streets et al., 2019; UNEP, 2019). The results of this study
would enable targeted local Hg managements under the MC and generate
a regional atmospheric Hg isotopic end-member reflecting inland and/or
coastal influences of East Asia.

2. Materials and methods
2.1. Site description

Pohang is located on the southeast coast of South Korea and our sam-
pling station is located ~5 km away from the East Sea (Fig. 1). Pohang is
a suburban city with an area of 1129 km? and a population of ~500,000.
A key industrial feature of Pohang is the operation of the world's fifth-
largest steel manufacturing industry, known to emit substantial amounts
of Hg and other atmospheric pollutants (e.g., SO,, NOx, PM) (Streets
etal., 2017, 2019; Tang et al., 2020). Prior characterizations of TGM across
South Korean cities have reported a slightly higher concentration of
~5.0 ng/m® at Pohang relative to other urban cities (2.1-3.7 ng/m>, Seo
et al., 2016). Surrounding the steel manufacturing industry are ~300
small-scale industries, which manufacture steel, electrical equipment,
chemicals, and non-ferrous metals. Based on the analyses conducted
by the Pohang Environmental Policy Division in 2017 and by Jung et al.
(2021), the total Hg (THg) levels in both sludge and wastewater
collected from 160 facilities were lower than the domestic Hg loading
limit of 5 pg/L, indicating that they release small amounts of Hg into the
local environment.

To assess the overall anthropogenic influence of the steel manufacturing
industry, we collected total gaseous Hg (TGM; GEM + GOM), PBM, and Fe
aerosols (both in the form of total suspended particles; TSP) on the rooftop
of a library building (10 m above ground) at Pohang University of Science
and Technology (POSTECH). Substantial Fe emissions are thought to occur
in the form of aerosols from the steel manufacturing industries (Baek et al.,
2020; Hleis et al., 2013). Additional anthropogenic emission indicators of
PMS, s, PM;, and various oxidants for Hg (O3, NO,, CO, SO,) were obtained
from the national air quality monitoring system (AirKorea, https: //www.
airkorea.or.kr/) (Table A.1.), located 4 km away from our sampling station
(Fig. 1, Fig. A.1.).

2.2. Sample collection

All atmospheric samples of TGM, PBM and Fe aerosols were collected
for a total of five periods involving all four seasons spanning winter (Janu-
ary), spring (April), summer (August) and autumn (November) of 2021,
and spring (March) of 2022. Individual days of sampling periods and the as-
sociated meteorological and environmental parameters, obtained from the
Automated Synoptic Observation System (ASOS) (Korea Meteorological
Administration Weather Data Service, https://data.kma.go.kr/) and the na-
tional air quality monitoring system, are shown in Table A.1.

The TGM was collected onto a gold trap via an air sampling pump
(Flite3, SKC) at a flow rate of 1.84 L/min. A PTFE filter (0.45 pm,
25 mm) and soda trap were connected in front of a gold trap to remove
moisture and particles from entering the trap. Prior to sampling, all gold
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Fig. 1. A map showing the locations of sampling site (red circle), air quality monitoring station (AirKorea, yellow circle), automated synoptic observation system (ASOS, blue

circle), and steel manufacturing industry (green area) in Pohang, South Korea.

traps were desorbed at 600 °C to remove residual Hg. Sampling of TGM was
conducted for 10 h per day and for three days per season. The PBM was
characterized by sampling TSP via a high-volume air sampler (HiVol, HV-
1000R, Sibata, Japan) at a flow rate of 1000 L/min using a quartz fiber filter
(QR-100, 203 x 254 mm, Advantec, Japan). PBM was sampled for 23 h per
day and for five to nine days per season. Prior to sampling, all quartz fiber
filters were baked at 450 °C for 3 h and particle weights were measured
using an analytical balance (ME204, Mettler Toledo, Singapore).

Concentrations of Fe were characterized in TSP with particle sizes
>0.49 pm. We refer to them as Fe aerosols here after. Fe aerosols were sam-
pled via a HiVol (HV-1000R, Sibata, Japan) at a flow rate of 1132 L/min
using a PTFE filter (TE-230-PTFE, Tisch Environmental Inc., U.S.). Fe aero-
sols were sampled for 23 h per day and for 10-13 days per season. Prior to
sampling, all PTFE and background filters (PFO50, 203 X 254 mm,
Advantec, Japan) were washed with 3 mol/L HNOs, 3 mol/L HCl, and ultra-
pure water (Kurisu et al., 2019; Sakata et al., 2018) and weighed using an
analytical balance. After sampling for PBM and Fe aerosols, filters were
sealed in a polyethylene bag and stored at —20 °C (freezer) and a vacuum
desiccator, respectively.

2.3. Analysis

2.3.1. Hg and Fe concentrations

The TGM captured onto a gold trap was desorbed at 600 °C. The PBM
collected on a quartz filter was freeze-dried and combusted via a dual-
stage thermal combustion furnace. Both TGM and PBM were released in
the form of Hg® which were preconcentrated into an individual 1 %
KMnOy, (in 10 % H,S0,) solution. A cold vapor atomic fluorescence spec-
troscopy (CV-AFS, Brooks Rand, U.S.) was used to measure THg concentra-
tion. The average recovery of the standard reference material NIST 2711a
(Montana II soil) was 88 = 16 % (n = 4). The field blank filters had
<5 % of THg collected on quartz fiber filters.

Filters containing Fe aerosols were soaked in 15.2 mol/L HNO3 and
evaporated at 120 °C to dryness. The solution was diluted with ultra-pure
water at 0.3 mol/L HNO; and filtered using a 0.2 pm PTFE syringe filter
(Kurisu et al., 2019). Fe concentration in solution was analyzed using an in-
ductively coupled plasma optical emission spectrometer (ICP-OES, Thermo
Scientific iCAP 6300). The average recovery of the standard reference ma-
terial TORT-3 (lobster) was 98 + 6 % (n = 31). Field blank filters had <1 %
of the total Fe collected on PTFE filters. Seasonal Fe concentrations and de-
tection limits are found in Table A.3.

2.3.2. Hg isotopes

The 1 % KMnO, solutions containing PBM and TGM were introduced
into a multicollector inductively coupled plasma mass spectrometer (MC-
ICP-MS, Nu Instruments III, U.K.) by continuously reducing Hg*>* with
2 % SnCl, and by separating Hg® using a glass gas-liquid phase separator.
Instrumental mass bias was corrected using an internal Tl standard (NIST
997), which was introduced via desolvating nebulizer (Aridus 3, CETAC,
U.S.) and by bracketing each sample with NIST SRM 3133 matched to the
sample matrix. MDF is reported as §2°?Hg in permil (%o) relative to NIST
SRM 3133.

§”Hg = {{(ZozHg/l%Hg)sample/(202Hg/lgng)N]ST3133] - 1} x 1000 (1)

MIF is reported as A199Hg, AzOOHg, A201Hg, and A2°4Hg (%o0) and was
calculated using the following equations (Bergquist and Blum, 2007).

A'Hg (%o) = 8'Hg-(8*"Hg x 0.2520) (2)
A" Hg (%o) = 8" Hg-(8"Hg x 0.5024) (3)
AP"Hg (%o) = 8*'Hg-(8°"Hg x 0.7520) (4)
A™Hg (%0) = 8 Hg—(8""Hg x 1.4930) (5)

Analytical uncertainty of 2SD was estimated based on the replicate anal-
ysis of NIST 2711a (n = 4). The Hg isotope ratios of NIST 2711a and NIST
RM 8610 from this study and those obtained from prior studies are reported
in Table A.2.

2.3.3. Backward air trajectory

The Hybrid Single Particle Lagrangian Integrate Trajectory (HYSPLIT)
model developed by the National Ocean and Atmospheric Administration
(NOAA) was used (Draxler and Hess, 1998) to simulate airmasses arriving
at the sampling site. The HYSPLIT was operated with gridded meteorolog-
ical data from the Global Data Assimilation System (GDAS) and 72-hour
backward air trajectories were calculated starting at 13 KST (04 UTC) at
daily intervals spanning our sampling period. In the model setting, the
starting height of trajectories was set to 500 m above ground, where air
pollutants are well mixed within the atmospheric boundary layer. Wind
rose diagrams were drawn for comparison by using the wind direction
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and wind frequency information obtained from the Automated Synoptic
Observation System (ASOS). As illustrated in Fig. A.1., the northeast side
of the ASOS is facing the East Sea (coastal influence) and the southwest
side of the ASOS is facing the inland.

3. Results and discussion
3.1. Regional comparison of PBM and TGM

The PBM and TGM concentrations range between 2.5 and 326 pg/m®
(74.5 + 76.3 pg/m> n = 38) and between 0.87 and 4.2 ng/m? (1.90 *
0.83 ng/m3; n = 16), respectively (Table A.3.). The observed concentra-
tions are, on average, lower than those measured at urban sites (PBM;
191 to 640 pg/m>, TGM; 2.3 to 7.9 ng/m>) but higher relative to remote
sites of China and India (PBM; 25 to 84 pg/m>, TGM; 1.2 to 2.5 ng/m®)
(Qiu et al., 2021; Shi et al., 2022). In regards to the seasonal variation,
we observed minor seasonal fluctuations in both PBM (spring 21; 40 +
33 pg/m°®, n = 7, summer 21; 52 = 52 pg/m® n = 9, autumn 21; 92 *
91 pg/m>, n = 9, winter 21; 87 + 98 pg/m°>, n = 4, spring 22; 103 +
95 pg/ms, n = 9) and TGM concentrations (spring 21; 2.3 + 1.0 ng/m3,
n = 3, summer 21; 2.0 = 0.15 ng/mg, n = 3, autumn 21; 2.7 = 1.3 ng/
m3, n = 3, winter 21; 1.3 * 0.21 ng/ms, n = 3, spring 22; 1.4 =
0.37 ng/m> n = 4). This may be owing to the small dataset representing
the individual season. Within individual season, there are large daily varia-
tions in the PBM and more uniform TGM concentrations throughout the
sampling period.

Despite the minor seasonal trend in TGM concentrations, the isotope ra-
tios of TGM exhibit a wide §2°?Hg (—2.46 to 0.06 %o, mean; —1.02 =
0.79 %o, n = 16) and a small A199Hg range (—0.24 to 0.02 %o, mean;
—0.09 * 0.08 %o) with relatively distinct seasonal 8*°*Hg (Fig. 2A). The
PBM show a small §2°?Hg (— 0.86 to 0.49 %o, mean; —0.12 + 0.34 %o,
n = 36) and a wide A’*°Hg range (—0.15 to 1.10 %o, mean; 0.12 *
0.25 %o) with minor seasonal differences (Fig. 2B). In regards to A?°°Hg,
we observe overall positive values in the PBM (0.00 to 0.10 %o, mean;
0.04 = 0.03 %o) and near-zero to negative values in the TGM (—0.11 to
0.02 %0, mean; —0.03 = 0.03 %o) (Table A.3.). This is consistent with
prior studies, which suggested that measurable A>°°Hg changes occur
only via Hg® photo-oxidation and photo-dissociation of Hg-oxides, both of
which cause Hg®* with a higher A?°Hg relative to Hg® (Cai and Chen,
2016; Sun et al., 2022).
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Given the absence of Hg isotope data in atmospheric samples of South
Korea, we compare our results with TGM and PBM sampled at various loca-
tions of the U.S., China and in the Northwest Pacific (Demers et al., 2013;
Fu et al., 2018, 2019; Gratz et al., 2010; Huang et al., 2015, 2016, 2019,
2022; Li et al., 2020; Qiu et al., 2022; Rolison et al., 2013; Sherman et al.,
2010; Xu et al., 2017, 2021; Yu et al., 2016). As illustrated in Fig. 2A, the
isotope ratios of our TGM collected in autumn and winter are within the
ranges of TGM characterized at urban and remote sites of inland China
(Demers et al., 2013; Gratz et al., 2010; Sherman et al., 2010; Xu et al.,
2017; Yu et al., 2016). The TGM sampled in spring and summer are within
the ranges of those measured at urban sites (Xu et al., 2017; Yuetal., 2016)
and TGM known to be transported from coastal regions (Rolison et al.,
2013). The TGM of spring 22 have a wide range in 8*°*Hg, spanning across
various sources. As for the PBM, we observe overall positive §°°?Hg and
A'°Hg relative to PBM characterized at remote and urban sites of China
(Fig. 2B) (Fu et al., 2019; Huang et al., 2015, 2016, 2019; Rolison et al.,
2013; Xu et al., 2017; Yu et al., 2016). Interestingly, the isotope ratios of
our PBM are more similar to those collected at a coastal city of Daimeishan,
China (Xu et al., 2021) and overlap with PBM sampled on cruise along
coastal and offshore regions of the Northwest Pacific around East Asia
(Huang et al., 2022; Qiu et al., 2021). The low §?°*Hg and A'°°Hg have re-
peatedly been characterized in PBM sampled downstream of point Hg emis-
sion sources (Das et al., 2016; Xu et al., 2017; Yu et al., 2016) and were
attributed to negative §2°>Hg and near-zero A'°°Hg in anthropogenic
source materials used during coal combustion (8202Hg; —1.10 %o),
smelting (8§%°?Hg; —0.87 %o), and cement manufacturing processes
(8%°°Hg; —1.42 %o) (Huang et al., 2016). Anthropogenically emitted
PBM, modeled by R. Sun et al. (2016), also have 8*°*Hg of —1.17 %o and
near-zero A'*’Hg. In contrary, the positive §2°°Hg and A'°°Hg in PBM
along coastal and offshore regions of the Northwest Pacific have been ex-
plained by Hg®* photo-reduction bound to particles (Huang et al., 2022;
Qiu et al., 2021; Xu et al., 2021).

In summary, the distinct seasonal 8*°>Hg of TGM suggest that the
sources of TGM may vary across season at our sampling location. Con-
versely, the narrow §2°?Hg and wide A'°°Hg range of PBM indicate that
the sources of PBM may be relatively uniform. Based on the relatively pos-
itive §2°?Hg and A'°°Hg, we speculate that our PBM may be subjected to
varying extents of Hg>" photo-reduction on particles in the atmosphere.
Below we evaluate the sources and processes affecting the two atmospheric
Hg species on the east coast of South Korea in detail.
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Fig. 2. §°°>’Hg and A'*’Hg of (A) TGM and (B) PBM. Shaded and dotted areas represent §2°?Hg and A'°°Hg ranges of TGM and PBM reported from prior studies at urban (TGM
- 8%°2Hg; —2.03 to 1.11 %o, A'*°Hg; —0.16 to 0.15 %o, PBM - §2°?Hg; —1.42to —0.42 %o, A'°°Hg; —0.31 to 0.19 %o, Huang et al., 2015, 2016, 2019; Xu et al., 2017, 2019;

Yu et al., 2016) and remote sites (TGM - §°°°Hg; — 0.39 to 0.93 %o, A'?°Hg; —0.22 to —

0.01 %o, PBM - §2°?Hg; —1.45 to — 0.26 %o, A'?°Hg; —0.07 to 0.66 %o, Demers et al.,

2013; Fu et al., 2019; Gratz et al., 2010; Sherman et al., 2010; Yu et al., 2016), and site influenced by coastal evasion (TGM - 82°2Hg; —3.88 to —0.33 %o, A199Hg; —0.41 to
—0.03 %o, Northwest Pacific - §?°°Hg; — 2.53 to 0.57 %o, A'*’Hg; —0.50 to 0.67 %o, Daimeishan - §2°?Hg; —0.78 to 1.1 %o, A'*°Hg; —0.22 to 0.47 %o, Huang et al., 2022;
Rolison et al., 2013; Xu et al., 2021) and haze (PBM - §°°Hg; —1.26 to —0.16 %o, A'*°Hg; —0.62 to 1.14 %o, Qiu et al., 2022).
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Fig. 3. Backward trajectories (left) and wind roses (right) over five seasons of (A) spring 21, (B) summer 21, (C) autumn 21, (D) winter 21, (E) spring 22. Each line in
backward trajectories represents individual sampling day simulated over 72 h of duration. Wind rose shows the wind speed (in color) and the frequency of each wind
direction. The northeast side is facing the East Sea and the southwest side is facing inland Pohang as illustrated in Fig. A.1.

3.2. Sources of TGM

There are caveats to interpreting seasonal sources of TGM given our
small dataset and minor seasonal variations in TGM concentrations. By
employing backward air trajectories and wind roses, we draw insights
into potential sources supplying TGM to our study location at least during
the periods in which we conducted sampling. The relatively distinct
82°2Hg sampled at various seasons together with the absence of a signifi-
cant relationship between the isotope ratios and concentrations of TGM
(in 1/THg; Fig. A.2.) suggest that the sources of TGM may differ across sea-
son. Specifically, the §8*°*Hg of TGM sampled in autumn and winter are
within the ranges of TGM characterized at inland urban and remote sites
in China (Demers et al., 2013; Gratz et al., 2010; Sherman et al., 2010; Xu
etal., 2017; Yu et al., 2016). The §?°*Hg of TGM reflecting spring and sum-
mer are similar to those measured at urban sites (Xu et al., 2017; Yu et al.,
2016) and TGM transported from coastal regions (Rolison et al., 2013). The
backward air trajectories and wind roses also display consistently large
fractions of airmasses originating from inland and high latitude regions of
Russia and China in the cold seasons (autumn, winter) (Fig. 3C, D). The
airmass origins are different in the warm seasons (summer, spring) such
that there are dominant coastal airmasses in summer (Fig. 3B) and hetero-
geneous mixtures of inland and coastal airmasses in spring (Fig. 3A, E). The
consistency of seasonal airmass origin is well reflected by the §>°*Hg vari-
ability, with the winter 21 TGM displaying the least amount of §*°?Hg var-
iability (1 SD; 0.11 %o) and the spring 21 and 22 TGM displaying the widest
§2°2Hg range (1 SD; 0.63-0.78 %o) (Table A.3.).

Based on the above results, it is possible to interpret TGM sources to
mixtures of anthropogenic and background TGM from high latitude regions
and TGM evaded from the coastal surface, which may vary in their contri-
butions across season. In addition to §2°*Hg, however, A'®’Hg and
A?®Hg have increasingly been utilized to gather insights into sources and

relative proportions of Hg® and Hg®" in TGM, respectively (Araujo et al.,
2022; Demers et al., 2015; Kwon et al., 2020). As mentioned, because
only few atmospheric processes result in a higher A>*°Hg in Hg>* relative
to Hg® (Cai and Chen, 2016; Sun et al., 2022), A?°°Hg has been used to de-
cipher the relative contribution of Hg® and Hg?* in natural samples (Araujo
et al., 2022; Jiskra et al., 2021; Kwon et al., 2020; Motta et al., 2019).
Near-zero to slightly positive A'®Hg in anthropogenically emitted TGM
(reviewed in Kwon et al., 2020) and negative A'°°Hg in background and
surface evaded TGM from the coastal surface (Rolison et al., 2013), rice
paddy soil (Yin et al., 2013), and snowpack (Araujo et al., 2022) have en-
abled detailed source tracing.

As illustrated in Fig. 4, we observe generally negative A'?°Hg and
A*%°Hg in the cold season TGM, reflecting mixtures of background and sur-
face evaded Hg in the form of Hg®. The observed A'°°Hg and A%°°Hg to-
gether with the effect of high latitude inland airmasses, simulated by the
HYSPLIT (Fig. 3C, D), are consistent with the recent evidence suggesting
that surface evasion accounts for a large fraction of background TGM
over mainland China (Fu et al., 2021). We presume that Hgo evaded from
the surface over high latitude Russia and China may act as a potential
TGM source to our sampling location. Conversely, in the warm seasons, an-
thropogenically emitted Hg>" with near-zero to slightly positive A'*°Hg
and A%°°Hg may be diluted by Hg® evaded from the local coastal surface.
The effect of dilution is speculated based on coastal airmass transport, sim-
ulated by the HYSPLIT (Fig. 3A, B, E), and the relatively uniform TGM con-
centrations across the warm and cold seasons, indicating that local
anthropogenic activities alone are unlikely to be the primary source in
the warm seasons. We suggest that Hg® evaded from the coastal surface
and those evaded and transported from long distances act as important
TGM sources relative to local anthropogenic activities in Pohang. The
exact seasonal contribution of these TGM sources would require long-
term characterization of TGM isotope ratios.
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Fig. 4. A**°Hg and A'9°Hg of the seasonal TGM. Shaded areas represent A?°°Hg and A'*°Hg ranges of TGM reported from prior studies at urban (A?*°Hg; — 0.04 to 0.06 %o,
A'°Hg; —0.16 to 0.15 %o, Xu et al., 2017; Yu et al., 2016) and remote sites (A**°Hg; —0.11 to 0.01 %o, A'*°Hg; —0.22 to —0.01 %o, Demers et al., 2013; Gratz et al., 2010;
Sherman et al., 2010), and sites influenced by TGM evaded from the coastal surface (A>*°Hg; —0.19 to —0.06 %o, A'*°Hg; —0.41 to —0.03 %o, Rolison et al., 2013), rice
paddy soil (A%°°Hg; —0.07 to 0.03 %o, A'*°Hg; —0.34 to — 0.24 %o, Yin et al., 2013), and snowpack (A%°°Hg; —0.22 to 0.02 %o, A'*°Hg; —0.46 to —0.10 %o, Araujo

et al., 2022).

3.3. Sources and processes affecting PBM

Unlike the TGM, the minor seasonal trend in PBM isotope ratios and the
significant positive relationship between A'?°Hg and 1/THg of PBM (r* =
0.39, p < 0.05) (Fig. 5A), with few exceptions in winter and summer (dis-
cussed below), imply that the sources of PBM may be more consistent
across season. It is thought that PBM is generally originated from direct an-
thropogenic emissions and/or gas-particle partitioning of Hg®* (Amos
etal., 2012; Shah et al., 2021). To evaluate the importance of local anthro-
pogenic emissions as the major PBM source, we compare our daily PBM
concentrations to total Fe concentrations measured in the particles and
PM; acquired from the air quality monitoring station, both of which are
known to be emitted from the local steel manufacturing industry
(Fig. A.3.). While the PM;, and Fe concentrations match well temporally
(r> = 0.57, p < 0.05), the PBM display absence of temporal relationships
with the PM;o and Fe (r* = 0.00, r*> = 0.03, both p > 0.05). This indicates
that our PBM may not be derived from the same local anthropogenic source
as the PM;, and Fe. Alternatively, our PBM may be subjected to further at-
mospheric processing, which modifies PBM concentration upon emission.
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The importance of local anthropogenic emissions sourcing PBM is veri-
fied by the A'”°Hg and 1/THg relationship, which reveals a gradual dilu-
tion of PBM concentration with increasing A'°°Hg away from the
anthropogenic PBM end-member (—0.04 %o) (R. Sun et al., 2016)
(Fig. 5A). The atmospheric process resulting in a higher A’°°Hg together
with a reduction in PBM concentration would be the Hg?* photo-
reduction on particles, given that measurable MIF occurs primarily via
Hg®* photo-reduction and MeHg photo-degradation (Bergquist and
Blum, 2007). The importance of photo-reduction modifying our PBM iso-
tope ratios is further confirmed by comparing our results with PBM charac-
terized along coastal and offshore regions of the Northwest Pacific (Huang
et al., 2022). In that study, Huang et al. (2022) observed wide ranges in
A'Hg (—0.50 to 0.67 %o) and A%°°Hg (—0.11 to 0.42 %o) and suggested
that anthropogenically emitted PBM from East Asia are processed at the re-
gional atmosphere via 1) Hg?>* photo-reduction, 2) Hg® oxidation, and
3) high tropospheric Hg® photo-oxidation followed by particle adsorption
(Huang et al., 2022). As illustrated in Fig. 6, Hg2+ photo-reduction and
Hg® oxidation followed by particle adsorption drive A'®°Hg to positive
and negative values, respectively. For A?°°Hg, Hg® photo-oxidation is
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Fig. 5. (A) A'°Hg and total Hg concentrations of PBM (expressed in 1/THg of PBM). Yellow box represents the range of anthropogenic PBM A'°°Hg end-member modeled by
R. Sun et al. (2016). The linear regression excludes three data points labelled as haze and rain event. (B) A'*°Hg and A?°'Hg slopes of all PBM except summer (black dashed
line) and of summer (green dashed line) measured in this study.
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Three end-members of atmospheric processes, established by Huang et al. (2022), are shown in white (Hg2+ photo-reduction), gray (Hg0 oxidation), and black diamonds

(Hg® photo-oxidation).

regarded as one of the dominant mechanisms altering A>°°Hg in environ-
mental samples (Cai and Chen, 2016). The fact that our PBM are situated
between the anthropogenic PBM end-member, modeled by R. Sun et al.
(2016), and PBM altered by photo-reduction indicate that Hger photo-
reduction is the dominant mechanism modifying locally emitted PBM at
our sampling location.

Photo-reduction of Hg>* on particles is thought to be particularly active
in the coastal atmosphere characterized by high relative humidity and at-
mospheric moisture (Huang et al., 2022). A recent experimental study of
Hg?* photo-reduction on dry and aqueous soot particles has also reported
increasing A'®°Hg in Hg>" in the aqueous phase but not in the dry phase,
suggesting that aerosol water content determines the magnitude of photo-
reduction and A'*’Hg in PBM (Huang et al., 2021). As for Hg® oxidation,
while Hg® evaded and transported from the coastal and land surface (as dis-
cussed in Section 3.2) may be subjected to oxidation in the local atmo-
sphere prior to binding with particles, we observe no significant
relationships between the A'*Hg of PBM and major oxidants (O3, NO,,
CO, SO,), obtained from the air quality monitoring station (Fig. A.4.).
Moreover, the absence of a significant relationship between the A2°°Hg
and A%**Hg (r* = 0.22, p > 0.05), used to infer Hg® photo-oxidation (Cai
and Chen, 2016), suggest that high tropospheric photo-oxidation is unlikely
to supply Hg?* to our PBM.

As noted previously, one PBM measured in winter display an anoma-
lously high A'*°Hg and few PBM collected in summer exhibit low concen-
trations (Fig. 5A). To first explain the low PBM concentrations in
summer, note that these PBM were sampled on the days of the heaviest
rainfall (14-51 mm; Table A.1.), but the total particle weights were similar
to that of other sampling periods. We think that wet scavenging of atmo-
spheric Hg species has suppressed Hg® oxidation and/or gas-particle
partitioning of Hg?*, resulting in exceptionally low concentrations. The
elevated A'9°Hg in the winter PBM corresponds with PBM collected during
haze events in the wintertime over China (Qiu et al., 2022; Zhang et al.,
2022) (Fig. 2B). Zhang et al. (2022) observed a significant positive
relationship between A'®°Hg and the concentration of humic acid-like
water-soluble organic carbon in PBM, which constitutes the largest number
of organic species during haze episodes. In that same study, experiments of
Hg?" photo-reduction in the presence of water-soluble organic carbon
revealed up to 4 %o of A'®’Hg in Hg>*, implying that the physicochemical
properties of PBM determine the extent of Hg?>* photo-reduction on
particles.

Given the absence of significant inter-seasonal variability in PBM iso-
tope ratios, we presume that seasonal meteorology and environmental fac-
tors play minor roles in governing sources and processes affecting PBM.
Using the slope of A'®°Hg/A?'Hg, we attempt to gain insights into the ex-
tent and/or mechanisms driving Hg>" photo-reduction on particles in
PBM. The A'9°Hg/A%*'Hg slope has been used to decipher between Hg>*
photo-reduction (~1.0) and MeHg photo-degradation (~1.3) (Bergquist
and Blum, 2007), and Hg>* photo-reduction occurring in the presence of
variable ligand types (Motta et al., 2020; Zhang et al., 2022; Zhao et al.,
2021; Zheng and Hintelmann, 2010). Our PBM reveal a relative consistent
slope of 1.15, except for summer, which exhibits a depleted slope of ~0.26
(Fig. 5B). The depleted A'*?Hg/A%°*Hg slope likely reflect anthropogenic-
ally emitted PBM, which have undergone little atmospheric processing.
This is verified by the overlapping isotope ratios between our summer
PBM and PBM characterized at urban sites of China (Fig. 2B). The remain-
ing PBM display A'*°Hg/A?°"Hg slopes that are higher than those derived
from experimental Hg** photo-reduction in the presence of dissolved or-
ganic carbon (DOC) (~1.0) (Bergquist and Blum, 2007). We speculate
that different physicochemical properties or ligand type present in PBM
may explain the higher A'°Hg/A%°'Hg. In particular, Hg?* photo-
reduction in the presence of O-containing ligands (i.e., oxalates), supplied
by atmospheric oxidation processes, has shown a higher A'9°Hg/ A%°'Hg
of 1.19 (Zhao et al., 2021), which matches well with our PBM. We suggest
that additional experiments and detailed characterization are needed to
identify precisely physicochemical properties driving photo-reduction and
PBM isotope ratios.

4. Conclusion

The characterization of concentration and isotope ratios of TGM and
PBM provide in-depth insights into sources and processes affecting two at-
mospheric Hg species in a coastal city of South Korea. We find that Hg®
evaded from the coastal surface and those evaded and transported from
long distances from high latitude regions act as important TGM sources rel-
ative to the local anthropogenic activities in Pohang. Conversely, the PBM
are mostly sourced from local anthropogenic emissions, which is then sub-
jected to Hg®* photo-reduction on particles from the regional atmosphere.
The type and the extent of Hg>* photo-reduction may be dependent on the
presence atmospheric ligands, which govern the PBM isotope ratios. From a
local Hg management perspective, the implementation of effective air
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pollution control device would lead to direct abatement of local anthropo-
genic PBM emissions. As for the TGM, regional and/or multilateral effort is
likely required to achieve overall reductions of atmospheric Hg entering the
natural environment and subsequent Hg® evasions from the surface.

Another regional insight is the similarity of PBM isotope ratios between
our sampling location and PBM collected at a coastal city of Daimeishan,
China (Xu et al., 2021) and those sampled along coastal and offshore re-
gions of the Northwest Pacific (Huang et al., 2022). These results collec-
tively imply that PBM sourced anthropogenically from East Asia and
processed photochemically in the coastal atmosphere, resulting in charac-
teristically positive §°°*Hg and A'®°Hg in PBM, serve as key sources and
processes that generate regional PBM isotopic end-member. Unlike the
prior studies, which have repeatedly characterized PBM isotope ratios at in-
land urban and remote sites (Das et al., 2016; Guo et al., 2022; Huang et al.,
2016, 2018; Xu et al., 2017), we expect that the regional isotopic end-
member can be used to quantify the relative influence of local anthropo-
genic Hg emissions versus complex processes affecting PBM in East Asia
and other geographical regions surrounded by coastal oceans.
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