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30  Abstract. Isotopic compositions of Hg in atmospheric particles (Hgpm) are probably
31  the mixed results of emission sources and atmospheric processes. Here, we present Hg
32 isotopic compositions in daily fine particles (PMa.s) collected from an industrial site
33 (CX) and a nearby mountain site (DMS) in a coastal area of East China, as well as in
34  surface seawater close to the industrial area, to reveal the roles of anthropogenic
35  emission sources and atmospheric transformations in varying Hg isotopes. The PMz s
36  samples displayed significant spatial difference in §*?Hg. For the CX, the negative
37 &*Hg values were similar to those of source materials and Hgpm contents were well
38  correlated with other chemical tracers, indicating the dominant contributions of local
39  industrial activities to Hgpm2s. Whereas the observed positive §?°2Hg at the DMS was
40  likely associated with regional emissions and extended photo-reduction during
41 transport. A!’Hg values in PMas from the CX and DMS were comparable positive.
42 The unity slope of A”Hg versus A?*'Hg over all data suggests that the odd-MIF of
43 Hgpmzs was primarily induced by photo-reduction in aerosols. The positive A?°Hg
44 values with minor spatial difference were probably associated with photo-oxidation of
45  Hg° which is generally enhanced in the coastal environment. Total Hg in offshore
46 surface seawater was characterized by negative §°?Hg and near-zero A'"’Hg and
47 A’ Hg, which are indistinguishable from Hg isotopes of source materials. Overall,
48  industrial PM2s had comparable 8°?Hg values but more positive A'”Hg and A?*°Hg
49  as compared to surface seawater. The results indicate that atmospheric transformations
50  would induce significant fractionation of Hg isotopes, which obscures Hg isotopes of
51  anthropogenic emissions.

52

53 Keywords: Particle bound mercury; Surface seawater; Hg isotopes; Mercury sources;
54  Photo-chemical processes.
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60 1. Introduction

61 Mercury (Hg) is a genotoxic element and was ranked with the priority controlled
62  pollutants in many countries. Atmospheric Hg was operationally defined as three
63  forms: gaseous elemental mercury (GEM), gaseous oxidized mercury (GOM), and
64  particle bound mercury (PBM or Hgpm) (Schroeder and Munthe, 1998). Previous
65  studies indicated that Hgpm concentrations in urban and industrial areas could reach
66 up to hundreds even thousands of pg m™, relative to tens of pg m™3 in uncontaminated
67 remote areas (Fu et al., 2015; Mao et al., 2016). Hence, particulate matter (PM) can
68 act as a vector of toxic Hg and inhalation of Hg-carrying particles is an important
69  pathway of human exposure to atmospheric Hg. Atmospheric Hgpm can be directly
70 derived from human activities and scavenged by deposition. In China, coal
71 combustion, non-ferrous metal smelting, and cement production were considered as
72 the three primary emission sources of atmospheric Hg (Zhang et al., 2015). On the
73 other hand, Hgpm undergoes complex transformation processes in the atmosphere.
74 Hgpewm can be formed by the uptake of GOM in particles, which made an important
75  contribution to Hgpm in heavily particle polluted areas (Xu et al., 2020). Whereas the
76  reduction of GOM binding with dissolved organic carbon ligands in aqueous particles
77  potentially converts it back to gas phase (Horowitz et al., 2017). The research have
78  suggested that atmospheric Hgpm is generally a combined result of anthropogenic
79  emissions and atmospheric transformations.

80 Analysis technique of Hg isotopes and mechanisms of Hg isotopic fractionation
81  have come a long way in the last decade (Blum and Johnson, 2017). Hg has seven
82  stable isotopes (including '"°Hg, '"Hg, '“Hg, 2"Hg, 2'Hg, 2"’Hg, and 2°*Hg) and
83  exhibits mass dependent fractionation (MDF) and mass independent fractionation
84  (MIF) in various environmental samples and processes (Sonke and Blum, 2013; Yin et
85 al., 2014a; Blum and Johnson, 2017). MDF of Hg isotopes is often reported as 5?Hg,
86  while MIF of odd mass-numbered Hg isotopes (odd-MIF) is reported as A'*Hg and
87  A>Hg and MIF of even Hg isotopes (even-MIF) as A?Hg and A***Hg. Previous
88  laboratory and field studies have revealed that nearly all biogeochemical processes
89  induce MDF of Hg isotopes, whereas significant odd-MIF of Hg occurs mainly in
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photochemical processes (Bergquist and Blum, 2007; Malinovsky et al., 2010; Blum
et al., 2014; Sun et al., 2016a). What’s more, specific ratios of A'Hg/A?'Hg have
been reported for different transformation processes, i.e., ~1.0 for photo-reduction and
~1.6 for photo-oxidation (Bergquist and Blum, 2007; Sun et al., 2016a). Even-MIF of
Hg isotopes is observed mostly in atmosphere related samples, which is suggested to
associate with photo-oxidation of Hg? by UV and oxidants (Chen et al., 2012; Blum
and Johnson, 2017; Fu et al., 2019). Therefore, Hg isotopes are capable of becoming
useful tracers for biogeochemical cycles of Hg in the environment.

Little literature is available on Hg isotopes of atmospheric samples due to the
difficulty in sampling enough Hg mass for isotopes analysis. Even so, Hg isotopic
compositions of atmosphere related samples, like speciated Hg, precipitation, and
lichen, have been reported in recent years (Carignan et al., 2009; Gratz et al., 2010;
Sherman et al., 2010; Chen et al., 2012; Rolison et al., 2013; Demers et al., 2013,
2015; Fu et al., 2016, 2018, 2019; Yu et al., 2016, 2020). Many studies have measured
Hg isotopes in PM to investigate its potential sources and transformation processes in
the atmosphere. In general, Hgpm in urban areas which is mainly impacted by local
anthropogenic sources has negative MDF and near-zero odd-MIF (Rolison et al., 2013;
Das et al., 2016; Huang et al., 2016, 2019, 2020; Huang et al., 2018; Xu et al., 2019).
While Hgpm in remote and coastal areas displays more significant odd-MIF, likely
linking to enhanced photo-reactions (Rolison et al., 2013; Fu et al., 2019). To date, the
fractionation of Hg isotopes in atmospheric processes has not been well elucidated,
which hampers application of Hg isotopes in tracking the transfer and transformation
paths of Hg.

This study determined Hg isotopic compositions in PMzs collected from an
industrial site and a mountain site in a coastal area of East China. Comparison of
Hgpmas isotopes at the two neighbouring sites would eliminate the impacts of
meteorology and atmospheric Hg background which vary across space on Hgpwm
isotopes. Furthermore, this study measured isotopic compositions of total mercury
(THg) in surface seawater close to the industrial area and distinguished Hg isotopes
between atmospheric sample and surface media. The objective of this study is to
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reveal the roles of anthropogenic sources and atmospheric transformations in varying
Hgpwm isotopic compositions.

2. Experiment

2.1. Study area description

PM: s sampling was conducted at an industrial site (Chunxiao, CX) and a nearby
mountain site (Daimeishan, DMS) on the east coast of Zhejiang province, East China
(Fig. 1). The study region experiences a typical subtropical monsoon climate, with sea
breeze in summer and continental breeze in winter. The average annual temperature,
precipitation, relative humidity, and sunshine hours were 18.1 °C, 1608 mm, 76.8%,
and 1797 h, respectively.

The CX (121.91° E, 29.87° N, 15 m a.g.l.) is located in the Urban Environment
Observation and Research Station, Chinese Academy of Sciences, Beilun District,
Ningbo. Ningbo is a highly industrial city and there are a high density of industrial
activities around the CX. Potential Hg point sources include a large coal-fired power
plant (5000 MW) approximately 20 km to the northwest, a Chlor-alkali plant 20 km to
the northeast, and an automobile assembly plant within 1 km of the site. The CX is in
close proximity to the East China Sea (ECS, ~ 0.6 km), thus clean air masses from the
sea in warm seasons would dilute atmospheric Hg at the CX. The concentration of
GEM at the CX was reported to be 2.44 ng m™ from Dec. 2016 to Nov. 2017 in a
previous study (Yi et al., 2020).

The DMS (121.62° E, 29.68° N, 450 m as.l.) is located at the summit of
Mountain Damei, which is surrounded by trees. The site is 20 km to the coast of the
ECS and approximately 22 km south of Ningbo. There are no significant Hg point
sources within a radius of ~10 km from the DMS. However, an early study reported
that intense regional emissions and long-range transport of Hg usually caused a high
atmospheric Hg concentration at the DMS (mean: 3.3 ng m>, from Apr. 2011 to Apr.
2013; Yu et al., 2015).

Surface seawater samples were collected in the offshore area of Ningbo. The
seawater sampling area (about 122.04° E, 29.82° N, Fig. 1) is approximately 1 km

west of the Beilun District, Ningbo.
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Fig. 1 Locations of PMz s (CX: industrial site; DMS: mountain site) and surface
seawater sampling area.

2.2. Sample collection and analysis
2.2.1. Sampling of PM:.5

The period of PM2s sampling was from Jul. 2017 to Jun. 2018. Daily PMas
samples were collected 1~2 times a week at the CX (except Jan. and Feb. 2018) and
once a week at the DMS. Field blank sample was collected at each site. PM2.s samples
were collected on preheated quartz-fiber filter (500 °C, 4 h, 8 x 10 inch, Whatman)
using a high volume sampler (Tianhong TH1000H, China) with a flow rate of 1.05 m3
min’'. The filters were conditioned at 24 + 1 °C and 52 + 2%. The mass loading of
PM: ;s on filters was determined by mass difference before and after sampling. A total
of 64 and 36 filter samples were collected at the CX and DMS, respectively. The filter
samples were wrapped in aluminum foils and stored at -20 °C until analysis.
2.2.2. Concentration of Hg and other chemical species in PM>.s

Six punches (ca. 0.5 cm? per punch) of each sampling filter were digested by a
10 mL of 40% aqua regia (HNO3: HC1 = 1:3, v/v) in a water bath at 95 °C for 5 min,
then the solution was oxidized by 1 mL BrCl and bathed for another 30 min. After
cooling down, the extracted solution was diluted to 15 mL with ultra-pure water and
then analyzed by cold-vapor atomic fluorescence spectrometry (CVAFS, Brooks Rand

Model III, USA) following the EPA method 1631. The content of Hg on blank filters
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can be negligible (42.5 pg at the CX and 27.0 pg at the DMS) relative to those on
sample filters.

Selected PM>.5s samples analyzed for Hg isotopes were also measured for 8§ water
soluble inorganic ions (K*, Ca%*, Na*, Mg?', Cl", SO4*", NO3~, and NH4"), elemental
carbon (EC), organic carbon (OC), and levoglucosan. The water soluble ions were
analyzed by an ion chromatography (ICS-3000, Dionex, USA). EC and OC were
analyzed using a carbon analyzer (Model 4, Sunset Lab., USA) and NOISH protocol.
Analytical procedures and quality control procedures have been described by Xu et al.
(2018). Levoglucosan, an excellent indicator of biomass burning, was analyzed using
a gas chromatography — mass spectrometer detector (GC - MS, Agilent 7890A-5975C,
Agilent Tech. Inc., USA). Levoglucosan analytical procedures have been presented in
detail elsewhere (Hong et al., 2019).

2.2.3. Sampling and analysis of Hg in seawater

Seawater samples were collected from the surface of offshore sampling area
twice a month during Jul. 2017 ~ Jun. 2018, except Feb. 2018. Each time, three
duplicate seawater samples were collected for THg content analysis. Final THg
content was determined by the average of three duplicate samples. In addition, ~2 L
surface seawater was sampled for Hg isotopes analysis each time. The seawater
samples were stored in brown glass bottles and preserved with 1% (v/v) HCI in the
laboratory. They were analyzed for Hg content and isotopic compositions in a month.

Total Hg content in seawater samples was measured by the CVAFS (Brooks
Rand Model III, USA). A 25 mL of seawater sample was digested with 0.2 M BrCl at
least 12 h in advance and then analyzed using the EPA method 1631. More details can
be found in a previous study (Xu et al., 2014). Method blank was processed by bottles
filling up with ultra-pure water instead of seawater. The blank was lower than 10 pg
(n = 15), which can be negligible compared to the samples.

2.3. Analysis of Hg isotopic compositions
2.3.1. PM> 5 sample processing

Due to effects of precipitation and short sampling duration, the mass of Hg on

most of PMzs samples was not sufficient for isotopes detection. A total of 10 PM2s
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samples from each site were analyzed for Hg isotopes. Pre-concentration of Hg from
PM:s samples was conducted following a dual-stage combustion protocol (Huang et
al., 2015). To be specific, a tube furnace (OTF-1200X-I1, Kejin, China) consisting of
two combustion stages was used. A sampling filter was embedded in a furnace quartz
tube (50 mm OD, 46 mm ID, 80 cm length). The tube was then placed in the furnace
so that the filter was at the first combustion stage. The second decomposition stage
was heated up in advance and maintained at 1000 °C, then the first combustion stage
was heated up to 950 °C through a temperature-programmed procedure. The released
Hg was transferred by O2/Ar gas (30%/70%) at a flow rate of 20 mL min™! and then
trapped by a 10 mL of 40% inverse aqua regia.
2.3.2. Seawater sample processing

A total of 20 seawater samples were analyzed for Hg isotopes. ~2 L seawater
sample was mixed with a NH2OH-HCI solution for neutralizing excess BrCl and then
a SnCl; solution for reducing the oxidized Hg. The pre-treated seawater sample was
stirred and bubbled for 1 h with Hg-free N> at a flow rate of 400 mL min™!. The
gaseous Hg purged off seawater samples was collected by a series of three gold traps.
The gold traps were heated and the released Hg was transferred by Hg-free N at
10~15 mL min~! and concentrated by a 10 mL of 40% inverse aqua regia.
2.3.3. Hg isotopes analysis

All trapping solutions were preserved with 1% (v/v) BrCl and stored at 4 °C in
the dark before Hg isotopes analysis. Hg isotopic compositions were measured by a
multi - collector inductively coupled plasma mass spectrometer (MC-ICP-MS, Nu
Instruments Ltd. UK) following the protocols presented in a previous study (Huang et
al., 2018). Instrument mass bias was corrected using an internal standard (NIST 997
Tl) and strict sample-standard bracketing method (NIST 3133 Hg). The MDF of Hg
(represented by d-value, %o) is defined by the following equation (Blum and Bergquist,
2007):

5*Hg (%o) = [(**Hg/'**Hg)sample/(**Hg/'**Hg)nisT3133 -1] ¥ 1000 (1)
where xxx = 199, 200, 201, 202, and 204. The MIF of Hg (A-value, %o) is calculated
using the theoretically predicted MDF as the following equation (Blum and Bergquist,
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231 2007):

232 A*Hg (%0) = 8**Hg - (5*2Hg % ) 2)

233 where the mass-dependent scaling factor 8 is 0.252 for 'Hg, 0.502 for 2Hg, 0.752
234 for *'Hg, and 1.493 for 2**Hg. A reference material UM-Almaden was measured
235  repeatedly for quality control, yielding average 6**>Hg and A!'®Hg values of -0.59 +
236 0.10%o (20, n = 25) and -0.03 + 0.07%0 (20, n = 25), respectively. The results are well
237  consistent with those in previous studies (Blum and Bergquist, 2007; Huang et al.,
238 2015). The samples of this study were measured only once, so the 26 uncertainties
239  derived from repeated measurements of NIST 3133 standard during each analysis
240  section were applied to the samples.

241 3. Results and discussion

242 3.1. Concentrations and isotopic compositions of Hgpum:.5

243 Mass-based concentration of Hgpm2.s was used in this study to reflect reaction
244 processes and isotopic fractionation. The mass concentrations and isotopes of Hgpmz.5
245  at industrial and mountain sites are showed in Table 1. Average mass concentrations
246 of Hgpmzs using manual quartz filter were 0.52 + 0.23 pug ¢! (0.15 to 1.10, n = 51) at
247  the CX and 0.85 + 0.63 pg ¢! (0.18 to 2.80, n = 33) at the DMS, respectively. A high
248  Hgpwmz.5 concentration has been reported at the DMS before, which was likely due to
249  regional Hg emissions (Yu et al., 2015). We found that the variation coefficient (VC =
250  SD/Mean) of Hgpm2s concentrations was lower at the CX (44.2%) than the DMS
251 (74.1%). In addition, the volumetric concentrations of PMzs and Hgpmas were
252 correlated more closely at the CX (R?> = 0.77, p < 0.01, n = 51) than the DMS (R? =
253 0.25, p < 0.01, n = 33). The data indicate that the DMS Hgpm25 was influenced by
254 diverse sources of PMys with different Hg levels and/or complex atmospheric Hg
255  transformations. Spatial differences of Hgpm2.5s were further examined by relationships
256  of Hg with other chemical species in PM» s (Table S1). In contrast to DMS, the mass
257  concentrations of Hgpm2.s at the CX were well correlated to chemical tracers, like CI7,
258  NOs~, K*, and OC (r = 0.40 ~ 0.57, p < 0.05, Spearson correlation), implying the
259  steady contributions of anthropogenic sources to Hgpmz 5 in the industrial area.

260 8?92Hg values for Hgpm2 5 at the CX were in the range of -1.11%o to 0.08%o (mean:

9
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-0.61 £ 0.35%o, n = 10), while §?*>Hg values at the DMS were significantly higher and
in a larger variation from -0.78%o to 1.10%0 (mean: 0.12 + 0.63%o, n = 10) (»p <0.05, T
Test; Table 1 and Table S2). Hgpm isotopic compositions in multiple types of locations
are showed in Fig. 2 and Table S3. Negative §°“Hg values are generally reported for
PM in urban areas of China, such as Beijing, Changchun, Chengdu, Guiyang, and
Xi’an (Mean: from -1.60%o to -0.42%0; Huang et al., 2015, 2016, 2019, 2020; Xu et
al., 2017, 2019; Yu et al., 2016), which are not distinguishable from those in remote
areas. Moreover, 82°?Hg values for PM collected from urban and remote areas overlap
those from nearby anthropogenic emissions (Das et al., 2016; Yu et al., 2016; Huang
et al., 2018). In this study, the §?°?Hg values at the CX basically fell in the variation
ranges mentioned above. Anthropogenic sources around the CX, such as industrial
factories and coal fired power plant, were most likely the main drivers of negative
MDF in PM: s at this site. However, the slight positive §?°?Hg values at the DMS have
seldom been reported in previous studies. There is no local anthropogenic emission
sources around the DMS. Thus, some additional factors may cause positive shift of
3%2Hg values, although the magnitudes of them producing observed §??Hg are
unclear. First, backward trajectory results show that PMys samples with positive
3%2Hg were generally associated with air masses coming or passing through the
northeast of China (Fig. S1). An early study reported that coals in northern China have
highest §??Hg value (-0.73 £ 0.33%o) compared to other regions in China (Yin et al.,
2014b). Second, adsorption of gaseous Hg?" on particles was suggested to be an
important contributor to Hgpwm in the study region (Xu et al., 2020), so Hgpm probably
inherits significant positive MDF of Hg?" (Rolison et al., 2013). The results suggest
that the MDF of Hgpmz5 at the CX was dominantly affected by local anthropogenic
sources, while the MDF at the DMS might be a mixed result of regional emissions
and atmospheric transformations.

In contrast, A"’Hg values for Hgpmz s at the two sites were not different (p > 0.05,
T Test), with comparable values of 0.17 £ 0.22%o (from -0.17%o to 0.52%o) at the CX
and 0.16 + 0.24%o (from -0.22%o to 0.47%o) at the DMS, respectively. The A°Hg
values in this study are similar to those observed from remote areas in China (from
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0.27%0 to 0.66%o; Fu et al., 2019). A laboratory study indicated that photo-reduction
of Hg?" restrains odd Hg in reactants (aerosols here) in priority, which shifts A"Hg
values positively (Bergquist and Blum, 2007). As shown in Table S2 and Fig. S1,
PM, s samples affected by long range transport of air masses mostly had large positive
A"Hg, like PM>s collected on Apr. 4, 2018 from the CX and on Jan. 10, 2018 from
the DMS. It’s probably related to extensive photo-reduction of Hg?" in aerosols during
long range transport as previous studies suggested (Huang et al., 2016; Fu et al., 2019).
Whereas, some PMz.s samples affected by local air masses were also characterized by
significant positive A'’Hg, like PMzs collected on Apr. 4, 2018 from the CX. The
remarkable odd-MIF of Hgpm isotopes has commonly been reported in coastal
environment (Rolison et al., 2013; Fu et al., 2019; Yu et al., 2020), thus the positive
odd-MIF of Hgpmzs in this study was likely contributed by enhanced photo-reactions.
In addition, the MIF of 2°“Hg, most probably relating to photo-reactions, was
significant positive and displayed no spatial difference (0.11 + 0.07%o at the CX and
0.14 £ 0.07%o0 at the DMS; p > 0.05, T Test), which also suggests enhanced and
homogeneous photo-reactions in the study region. It is worth noting that a part of
PMys samples collected from the DMS displayed negative 8*“Hg and near-zero
A™Hg, similar to those from the CX (Fig. 2). Compared with the previous study (Yu
et al., 2016), our results provide isotopes evidence that Hgpm2s at the DMS was
affected by multiple sources and one of them might be regional anthropogenic
emissions.

Table 1 Mass concentrations and isotopic compositions of Hgpmz 5 at the industrial

site (CX) and mountain site (DMS) in East China

CX DMS

Atmospheric
Chemistry
and Physics

Discussions

Parameter ?
Mean + sd Range Mean + sd Range

Hgrvs(ug g™h) 0.52+0.23 0.15~1.10 0.85+0.63 0.18~2.80

522Hg (%o) 0.61£035  -1.11~0.08 0.12+0.63 -0.78~1.10
AYHg (%o) 0174022  -0.17~0.52 0164024 -0.22~047
A"Hg (%o) 021+0.18  -0.07 ~0.48 023+0.36 -0.29~0.66
A2Hg (%o) 0.11+0.07  -0.01 ~0.23 0.14+0.07 0.06~0.28
A“Hg (%o) 0.19+036  -0.16 ~0.93 3.58+£3.68 0.26~11.38

351 samples collected from CX and 32 samples from DMS for Hgpm2 5 concentration analysis; 10

11



https://doi.org/10.5194/acp-2021-493 Atmospheric
Preprint. Discussion started: 6 July 2021 Chemistry
(© Author(s) 2021. CC BY 4.0 License. and Physics

Discussions
By

315 samples from each site for isotope analysis.
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317 Fig. 2 Isotopic compositions of Hgpm at the multiple types of sites
318  (This study: A/ mean and each values at the CX, @ <> mean and each values at the DMS;
319 Remote sites: coast, mountain, ©island (Rolison et al., 2013; Yu et al., 2016; Fu et al.,

320 2019); Urban sites in China: ABeijing, ®Changchun, % Chengdu, MGuiyang, ®Xi'an (Huang
321 et al., 2015, 2016, 2019, 2020; Xu et al., 2017, 2019; Yu et al., 2016); Sites near emission sources:
322 ANindustrial, ®volcano, ®landfill, ®traffic, % near CFPP (Das et al., 2016; Huang et al., 2018;
323 Yu et al., 2016; Zambardi et al., 2009)

324 3.2. Influence of anthropogenic emissions on MDF of Hgpy..5

325 Prior studies have compiled Hg isotopic compositions of major source materials,
326  such as fossil fuels, non-ferrous metal ores, and crustal rocks, and they generally
327  display large negative 3°?Hg and negative or near-zero A'”’Hg values (Huang et al.,
328  2016; Sun et al., 2016). Combustion or/and industrial processing induces limited MIF
329  (Sunetal., 2013; Sun et al., 2016), so we assumed that emitted Hg conserves odd-Hg
330  isotopes of source materials. The A'’Hg values for most Hgpmz s are distinguishable
331  from those of source materials, indicating that anthropogenic emissions were not the
332 drive factors for odd-MIF of Hgpmz.s in the study region. As for MDF, above analyses
333 indicated that the MDF of Hgpmas at the CX is subjected to local anthropogenic
334  sources, while the MDF at the DMS is probably caused by the combination of
335  atmospheric transformations and regional emissions. Spearson correlation between
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Discussions

8”?Hg and chemical components was conducted to explore the impacts of
anthropogenic emissions on Hgpma2s. The study region is highly industrialized, thus
industrial emissions are likely important contributors to Hgpma.s isotopes. It’s a pity
that we did not measure metallic elements to trace industrial contributions. As shown
in Table S4, the §??Hg values were associated with CI~, SO4>", and levoglucosan
contents in PMazs, which are generally considered as indicatives of coal combustion
and biomass burning.

(1) Coal combustion

Coal combustion was considered to be the primary Hg emission source in China,
which accounted for 47.2% of total anthropogenic emissions (253.8 t out of 537.8 t).
Coal combustion was also the dominant Hg emission source in Zhejiang province,
with a contribution of ~50% to total Hg emissions (Zhang et al., 2015). Hg isotopic
compositions of coals in China have large variations in MDF with §?°?Hg values from
-2.36%o to -0.14%o0 (Biswas et al., 2008; Yin et al., 2014b). A prior study reported that
emitted Hgpm has a shift of -0.5%o relative to §?°?Hg of coal feeds (Sun et al., 2014).
Hence 8*Hg values for Hgpm emitted from coal combustion in China were estimated
to be -2.86%o to -0.64%o. The §*?Hg values at the CX basically overlap and slightly
shift to positive, while the 6*?Hg values at the DMS have a large positive shift as
compared to those for emitted Hgpm from coal combustion.

In this study, C1~ was mainly originated from coal combustion, given that Cl~
content in PMzs was not correlated to Na*. Besides, SO4*>~ was primarily transformed
from SO which is mainly emitted from coal combustion. The §*°?Hg values at the CX
were significantly correlated to Cl™ content (R?> = 0.46, P < 0.05, Fig. 3a) and well
associated with SO4>" content in PMas (R? = 0.38, P = 0.056, Fig. 3b). The results
imply that coal combustion played an important role in the MDF of Hgpm2 s at the CX.
It should be noted that there are many metal smelting factories near the CX. We did
not measure the tracers for smelting, but a previous study reported mean §?2Hg value
for non-ferrous metal ores as -0.47 + 0.77%o (Yin et al., 2016). We assumed that Hg
emitted from non-ferrous metal smelting conserves the isotopes of source materials
due to lack of data for processing at current stage (Sun et al., 2016). Then, less
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negative MDF of Hg from non-ferrous metal smelting could explain the positive-shift
MDF at the CX relative to coal combustion emissions. It is reasonably inferred that
the MDF of Hgpm2s at the CX is a result of multiple anthropogenic sources such as
coal combustion and non-ferrous metal smelting. Differently from the CX, the §°“Hg
values at the DMS were significantly correlated to SO42~ (R?> = 0.68, P < 0.05, Fig. 3b),
but not to C1~ (P > 0.05). It seems unlikely that coal combustion was the predominant
contributor to the positive MDF at the DMS. Whereas under the influence of transport,
the transformation of SO to SO4?~ usually enhances and the photo-reduction of Hg?*
in aerosols tends to extensive which would shift §?>Hg to positive to a certain extent
(Bergquist and Blum, 2007). The results imply that coal combustion emissions in a
regional scale or from long range transport had a potential impact on the MDF of
Hgpma.s at the DMS, which is consistent with an earlier study conducted at the same
site based on Hg concentration and trajectory analysis (Yu et al., 2015).
(2) Biomass burning

Total Hg emissions from biomass burning were estimated to be 3 ~ 4 t (Zhang et
al., 2015), which is very small relative to coal combustion. Whereas during some
times, like autumn harvesting and spring wildfire occurring seasons, biomass burning
could become a major contributor to atmospheric Hg (Giglio et al., 2013; Huang et al.,
2016; Fu et al., 2018). Previous studies have reported that biological materials display
negative §??Hg and A'"’Hg values, like foliage (5*2Hg: -2.67%o to -1.79%0; A'*°Hg:
-0.47%o to -0.06%o), litterfall samples (§22Hg: -3.03%o to -2.35%o; A'’Hg: -0.44%o to
-0.22%o), and lichen (8%°2Hg: -2.32%o to -1.83%0; A1?Hg: -0.35%o to -0.22%o) (Demers
et al., 2013; Jiskra et al., 2015; Yin et al., 2013; Yu et al., 2016; Zheng et al., 2016).
Such negative 6*2Hg and A'”’Hg of biological materials can not explain the isotop