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12 Abstract: This study examined the isotope composition of Particulate bound mercury (PBM) in ten 

13 Chinese megacities and explored the associated sources and transformation mechanisms. PBM in 

14 these cities were characterized by negative δ202Hg (means: -2.00 to -0.78‰), slightly negative to 

15 highly positive Δ199Hg (means: -0.04 to 0.47‰), and slightly positive Δ200Hg (means: 0.02 to 0.06‰) 

16 values. The positive PBM Δ199Hg signatures were likely caused by physiochemical reactions in 

17 aerosols. The Δ199Hg/Δ201Hg ratio varied from 0.94 to 1.39 in the cities and increased with the 

18 corresponding mean Δ199HgPBM value. We speculate that, in addition to photoreduction of oxidized 

19 Hg, other transformation mechanisms in aerosols (e.g., isotope exchange, complexation, and 

20 oxidation that express nuclear volume effects) also shape the Δ199HgPBM signatures in the present 

21 study. These processes are likely enhanced in the presence of strong gas-particle partitioning of 

22 gaseous oxidized Hg (GOM), and elevated levels of redox active metals (e.g., Fe), halides and 

23 elemental carbon. Based on Δ200HgPBM data presented in this and previous studies, we estimate that 

24 large proportions (~47%) of PBM were sourced from oxidation of gaseous elemental Hg followed 

25 by partitioning of GOM onto aerosols globally, indicating transformation of Hg(0) to PBM as an 

26 important sink of atmospheric Hg(0). 

27 Keywords: PBM, urban atmosphere, stable Hg isotope, MIF, MIE, NVE, heterogeneous Hg 

28 reactions, sources

29 SYNOPSIS: This work provides new knowledge on the MIF of Hg isotopes in aerosols and the 

30 sources of particulate bound mercury 

31 TOC abstract: 

32   
33
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34 1. Introduction
35 Mercury (Hg) in the atmosphere mainly exists in the forms of gaseous elemental mercury 

36 (GEM or Hg(0)), gaseous oxidized mercury (GOM), and particulate bound mercury (PBM). Hg 

37 directly emitted into the atmosphere from anthropogenic and natural sources or reemitted from 

38 previously deposited Hg is mostly in the form of Hg(0).1 Hg(0) is much less susceptible to dry and 

39 wet removal processes as compared with GOM and PBM and is readily transported over a 

40 hemispherical scale. Oxidation of Hg(0) to Hg (II) (GOM and PBM) in the atmosphere followed by 

41 Hg (II) wet and dry deposition is perceived as one of the major sinks of atmospheric Hg(0).2, 3 

42 Hence, a complete understanding of the sources and transformation mechanisms of speciated 

43 atmospheric Hg is critical for assessing Hg cycling in the atmosphere.

44 Recent studies have improved our understanding of the atmospheric gas-phase Hg redox 

45 schemes,4-7 while the knowledge of reactions in aqueous and heterogeneous phases remains largely 

46 limited.7, 8 In current global atmospheric Hg models, Hg(0) oxidation is assumed to be mainly 

47 induced by Br and OH, and then the gaseous oxidized Hg could be either reduced back to Hg(0), 

48 persist as GOM in the atmosphere in relatively photochemically and thermally stable Hg(I, II) forms, 

49 or captured by aerosols and cloud droplets.2, 3, 8, 9 Once incorporated into aerosols and cloud droplets, 

50 Hg(I, II) can undergo many physiochemical transformation processes.7 Among viable processes, 

51 aqueous-phase Hg(II) photoreduction is frequently considered in modeling studies and supposed to 

52 play important roles in the atmospheric chemistry of Hg.2, 3, 8 On the other hand, other in-aerosol 

53 processes such as re-oxidation, complexation and adsorption, which allow Hg(II) to be retained as 

54 PBM, are frequently neglected in global modelling because of deficient knowledge.3, 7, 8  

55 Hg stable isotopes can help constrain its sources and transformation mechanisms in the natural 

56 environment because physicochemical processes induce mass dependent fractionation (MDF, 

57 δ202Hg signature) and odd- and even-mass independent fractionation (MIF, Δ199Hg, Δ200Hg and 

58 Δ201Hg signatures). MDF of Hg isotopes can be caused by many physicochemical processes, 

59 including reduction, methylation/demethylation, sorption, and evaporation.10 Large odd-MIF of Hg 

60 isotopes are mainly associated with photochemical redox reactions due to the magnetic isotope 

61 effect (MIE).11-15 Small magnitudes of odd-MIF (e.g., <0.6‰) have also been observed in abiotic 

62 dark Hg(II) reduction, Hg(II) complexation with thiol, and abiotic dark Hg(0) oxidation (mainly due 

63 to equilibrium isotope exchange) experiments, which are accompanied by a discernable 

64 Δ199Hg/Δ201Hg regression slope of ~1.6 compared to the MIE (slope of ~1.0) due to the nuclear 

65 volume effect (NVE).16-18 Even-MIF anomalies are mainly observed in atmospheric samples and 

66 are assumed to be exclusively produced during atmospheric redox reactions at high altitudes.19-22 

67 Recently, measurements of the Hg isotopic composition in atmospheric aerosols have been carried 

68 out at urban,23-26 remote,27, 28 oceanic,28-30 and polar sites31, 32 worldwide, from which it was 
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69 proposed that industrial emissions, subsequent in-aerosol photoreduction, and conversion of Hg(0) 

70 to PBM are crucial factors regulating the variations in PBM isotopic composition.27, 28, 32, 33 

71 Oxidation processes were also speculated to be of potential importance in an oceanic study, but the 

72 detailed mechanisms remained to be largely unknown.29 Hence, the links between heterogeneous 

73 Hg reactions in aerosols and PBM isotopic signature have yet to be established.

74 Considering the crucial roles PBM plays in atmospheric Hg cycling,7, 8, 34 further investigation 

75 of Hg transformation at the interface of and within aerosols using diversified approaches are 

76 warranted.7, 8 In the present study, we measured the isotopic composition of PBM in ten Chinese 

77 megacities. PBM concentrations in Chinese urban areas are generally highly elevated and represent 

78 the major Hg species scavenged from the atmosphere in China.35, 36 The PBM isotope signatures 

79 together with the chemical characteristics of PM2.5 and meteorological parameters were used to 

80 explore the effect of in-aerosol Hg transformation on the MIF of PBM. Finally, PBM sourced from 

81 atmospheric oxidation of Hg(0) followed by aerosol scavenging processes is constrained using a 

82 Δ200Hg mixing model. 

83 2. Materials and methods
84 2.1 PBM sampling

85 PBM samples were collected at downtown sites in ten megacities in China (i.e., Beijing, 

86 Shijiazhuang, Jinan, Lanzhou, Zhengzhou, Shanghai, Chengdu, Wuhan, Guiyang, and Guangzhou) 

87 (Figure S1). Detailed information of the sampling sites and the cities can be found in Fu et al..37 

88 PM2.5 samples were collected on quartz fiber filters (8×10 in sheet, Munktell, Sweden) using high-

89 volume PM2.5 samplers (ASM-1, Guangzhou Minya, China) at a flow rate of 1.0 m3 min-1. Before 

90 sampling, quartz filters were preheated at 500 °C for 6 h to minimize the Hg blank in filters. In this 

91 study, PM2.5 samples were collected on a daily basis in both summer and winter campaigns. For the 

92 wintertime campaigns, PM2.5 samples were collected simultaneously from 5 to 14 January 2018 in 

93 Beijing, Shijiazhuang, Jinan, Lanzhou, and Zhengzhou, and from 19 to 26 January 2018 in Shanghai, 

94 Chengdu, Wuhan, Guiyang, and Guangzhou. For the summertime campaigns, PM2.5 samples were 

95 collected simultaneously from 29 June to 6 July 2018 in Shijiazhuang, Jinan, Zhengzhou, Guiyang, 

96 and Guangzhou, and were collected simultaneously from 27 July to 6 August 2018 in the remaining 

97 five cities (Table S1). Filters were sealed carefully in polyethylene bags immediately after the 

98 completion of field sampling and kept frozen (-18 °C) before further sample processing.     

99 2.2 Sample processing and analysis

100 A small piece (~10%) of filters was cut off from the large filter sheets (8×10 inch) using a 

101 Teflon scissor for the analysis of PBM concentration and isotope composition. The filters were 

102 combusted in a Hg-free oxygen flow in a quartz tube (25 mL min-1), and then PBM in PM2.5 was 
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103 thermally released as Hg(0) which was subsequently preconcentrated into 5 mL of 40% HNO3/HCl 

104 mixed trapping solution (v/v, 2:1).38 Hg concentration in trapping solution was measured using a 

105 cold vapor atomic fluorescence spectroscopy (CVAFS) method. PBM concentration in ambient air 

106 was calculated by dividing the Hg mass in trapping solution by the sampling air volume through the 

107 filter piece.    

108 Isotope ratios of Hg in trapping solution were determined using cold vapor multicollector 

109 inductively coupled plasma mass spectrometry (MC-ICPMS, Nu-Plasma, UK).28 MDF and MIF 

110 values of PBM are reported in delta notation (δ) and capital delta (Δ) in per mil (‰), respectively, 

111 which are calculated using the following equations:39  

112        (1)𝛿𝑥𝑥𝑥𝐻𝑔 =  [ (𝓍𝓍𝓍𝐻𝑔 198𝐻𝑔)
𝑠𝑎𝑚𝑝𝑙𝑒

(𝓍𝓍𝓍𝐻𝑔 198𝐻𝑔)
𝑁𝐼𝑆𝑇 ― 3133

 ―  1] × 1000

113             (2)Δ𝓍𝓍𝓍𝐻𝑔 =  𝛿𝓍𝓍𝓍𝐻𝑔 ―  𝛽 × 𝛿202𝐻𝑔

114 where xxx is the mass number of Hg isotopes (199, 200, 201, 202, and 204), sample is the PBM 

115 collected in the present study, NIST-3133 is the bracketing NIST SRM 3133 Hg standard reference 

116 during analysis, and β is 0.2520, 0.5024, 0.7520, and 1.493 for 199Hg, 200Hg, 201Hg, and 204Hg, 

117 respectively, which are determined from the kinetic MDF law.39 

118 The recoveries of sample processing were investigated by combustions of CRM BCR-482 

119 (lichen), NSIT SRM 2711a (Montana soil), and NIST SRM 1648 (urban particulate matter), which 

120 showed mean recoveries of 87.9 ± 6.6% (1sd, n = 6), 96.0 ± 4.2% (1sd, n = 6), and 91.9 ± 10.8% 

121 (1sd, n = 19), respectively. Combustion of preheated filters showed a mean system blank of 0.09 ± 

122 0.05 ng mL-1 (1sd, n = 15) for the field sampling and processing, which accounted for < 10% of the 

123 collected PBM in trap solutions. Isotope ratios of Hg in NIST SRM 3177 (HgCl2 solution), NIST 

124 SRM 2711a, and CRM BCR 482 were routinely measured during the analysis of PBM isotopic 

125 composition. The measured Hg isotopic composition of the reference materials agree well with 

126 those reported in previous studies (Table S2).12, 40 The reported analytical uncertainty of the PBM 

127 isotopic composition in this study is the higher 2sd value of either NIST SRM 3177 or repeated 

128 analysis of PBM samples.

129 2.3 Ancillary parameters

130 Each filter was conditioned and weighted before and after field sampling using a constant 

131 temperature and humidity weighting system (YCT-H, YoCredit Electronics & Technology Co, Ltd, 

132 Qingdao, China), and the mass difference is used to calculate the PM2.5 mass concentration of each 

133 sample by dividing the air sampling volume. Organic carbon (OC) and elemental carbon (EC) in 

134 PM2.5 samples were detected using an OC-EC aerosol analyzer (Sunset Laboratory, Inc., USA). 

135 Water-soluble anions (including Cl-1) in PM2.5 were measured by Milli-Q water extraction of filters 

136 followed by a detection of iron chromatography (ICS-900, Dionex, USA), and trace elements 
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137 (including Fe and Cd) were measured using acid digestion followed by a detection of inductively 

138 coupled plasma–mass spectrometry (ICP-MS, PerkinElmer, USA), following the method described 

139 in a previous study.41 An analysis of trace elements in NIST SRM 1648 showed mean recoveries of 

140 91.7 ± 9.5% and 93.2 ± 10.8% (1sd, n = 19) for Fe and Cd, respectively. Meteorological parameters 

141 were obtained from the local weather stations in the investigated cities. 

142 3. Results and discussion
143 3.1 PBM concentration and isotope composition

144 City-specific mean PBM concentrations ranged from 33.6 to 158 pg m-3 (n = 10, Table S3), 

145 and the overall mean value from the 10 cities was 74.9 ± 82.9 pg m-3 (1sd, n = 130) during the study 

146 period. This mean value was approximately 1.5 times of that obtained from Chinese rural areas and 

147 more than one order of magnitude higher than those in North America and Europe.35, 42 The mean 

148 concentration of PBM in the cities was not correlated with that of PM2.5 or EC (ANOVA, p > 0.05 

149 for both), but significantly positively correlated with that of OC (r2 = 0.89, p < 0.01) (Figure S2). 

150 The strong correlation between PBM and OC is similar to the observations in precipitation 

151 samples.43 High mass fraction of OC in aerosol is conducive to GOM adsorption by aerosol or 

152 aerosol water and complexation of Hg(II) inside aerosol,44, 45 which may therefore represent a major 

153 factor controlling the PBM variation among the investigated cities. 

154 Isotopic compositions of daily PBM samples collected in the 10 cities exhibited large variations 

155 with δ202Hg, Δ199Hg, and Δ200Hg values being in the range of -3.28 to 0.41‰, -0.67 to 0.94‰, and 

156 -0.13 to 0.16‰ (n = 125), respectively (Table S1). A minor fraction of PBM samples (16% of the 

157 total collected samples) were characterized by negative Δ199Hg values, which were mainly observed 

158 in winter campaign (Table S1). City-specific mean δ202Hg, Δ199Hg, and Δ200Hg values of PBM 

159 during the study period ranged from -2.00 to -0.78‰ , -0.04 to 0.47‰ , and 0.02 to 0.06‰ (n = 10) 

160 , respectively, while the overall mean from the whole 10 cities were -1.16‰, 0.22‰, and 0.05‰, 

161 respectively (Figure 1 and Table S3). PBM isotope compositions observed in the present study align 

162 well with the pool of global PBM data, which are characterized by significantly negative δ202Hg 

163 (means = -1.64 to -0.69‰), slightly negative to significantly positive Δ199Hg (means = -0.21 to 

164 0.83‰), and positive Δ200Hg signatures (0.01 to 0.14‰) (Table S3),23-30, 46, 47 with the exception of 

165 the observations in Polar regions (mean δ202Hg = 0.03 to 1.05‰, mean Δ199Hg = -0.38 to -0.28‰, 

166 mean Δ200Hg = -0.01 to 0.00‰, n = 2) (Table S3).31, 32 By comparison, PBM at urban sites 

167 worldwide showed relatively lower Δ199Hg and Δ200Hg values as compared to observations at 

168 Chinese rural sites, in marine air, and at a coastal site in the United States (Figure 1). The isotope 

169 composition in flue gases and other primary anthropogenic emissions shows slightly negative to 

170 near zero values of Δ199Hg and Δ200Hg.48-50 The lower values of PBM Δ199Hg and Δ200Hg at urban 
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171 sites would therefore suggest relatively higher contributions from primary anthropogenic emissions 

172 (PBM emissions and adsorption of GOM emitted from anthropogenic sources) to PBM in the urban 

173 areas.34, 51 

174 The isotope composition of PBM in this and previous studies are generally distinguishable 

175 from those of Hg(0) and GOM (Figure 1 and Table S3). For example, the isotope composition of 

176 Hg(0) at urban and rural sites in China showed relatively higher δ202Hg (meanurban = -0.57 ± 0.38‰, 

177 meanrural = 0.09 ± 0.39‰) and lower Δ199Hg (meanurban = -0.06 ± 0.06‰, meanrural = -0.12 ± 0.04‰) 

178 and Δ200Hg (meanurban = -0.01 ± 0.04‰, meanrural = -0.04 ± 0.02‰) values.37, 46, 52, 53 Mean Δ199Hg 

179 and Δ200Hg values of GOM at Grand Bay, United States and Pic Du Midi, France ranged from -0.11 

180 to 0.44‰ and 0.15 to 0.18‰, respectively.22, 27 The mechanisms underlying the discernible isotope 

181 signatures (especially the MIF) among atmospheric Hg species, although not well constrained, were 

182 proposed to be mainly associated with photochemical reactions in the atmosphere.19, 20, 22, 28, 33 

183 3.2 Seasonal variations in PBM concentration and isotope composition

184 City-specific mean PBM concentrations in winter (62.7 to 245 pg m-3) were 1.5 to 4.5 times of 

185 those in summer in nine cities and were 20% lower in one city (Shanghai) during the study period 

186 (Figure 2). Such a seasonal variation in PBM concentration (i.e., higher level in winter than summer) 

187 is consistent with those previously reported for urban and rural locations in mainland China.35 The 

188 mean PBM/PM2.5 ratio and PBM/EC ratio were also higher in winter (PBM/PM2.5 = 1.03 ± 0.48 pg 

189 m-3/μg m-3, PBM/EC = 94.1 ± 42.6 pg m-3/μg m-3) than in summer (PBM/PM2.5 = 0.67 ± 0.38 pg m-

190 3/μg m-3, PBM/EC = 62.0 ± 29.8 pg m-3/μg m-3) at most sites (Figure 2). These observations indicate 

191 an enrichment of Hg in atmospheric particles in winter, likely due to increasing gas-particle 

192 partitioning of GOM, decreasing photochemical losses of Hg from particles under cold and darker 

193 conditions, and/or changing anthropogenic emission sources (Figure 2).3, 34, 51 

194 During the study period, city-specific mean PBM δ202Hg values ranged from -1.83 to -0.74‰ 

195 (mean = -1.24‰, n = 10) in summer, which were lower than the corresponding values in winter in 

196 most cities expect in Shanghai and Guiyang (from -2.42 to -0.60‰, mean= -1.08‰, n = 10) (Figure 

197 2). Mean PBM Δ199Hg values in summer (0.07 to 0.42‰) were higher than the corresponding 

198 observations in winter (-0.19 to 0.28‰) at seven urban sites (Figure 2). A previous study 

199 investigating diel PBM isotope compositions in Beijing, China suggested that stronger solar 

200 radiation would increase Δ199Hg because of increasing photoreduction processes.33 Such a 

201 hypothesis could partially explain the relatively higher PBM Δ199Hg in summer in the seven cities 

202 mentioned above. However, the opposite seasonal pattern was observed in three cities (Jinan, 

203 Lanzhou, and Zhengzhou) with higher PBM Δ199Hg and much weaker solar radiation intensity in 

204 winter than in summer (Figure 2), indicating that other atmospheric reactions likely also played 

205 important roles in shaping MIF of PBM in urban areas (more discussion in Section 3.3 below). 
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206 The relationships between Δ199Hg and PBM/PM2.5, PBM/EC, and PBM/Cd ratios were 

207 analyzed for revealing potential transformation mechanism of PBM. EC and Cd in the atmosphere 

208 are mainly derived from anthropogenic sources, and Cd shares approximately 80% of the 

209 anthropogenic sources for Hg.54, 55 Therefore, decreasing PBM/PM2.5, PBM/EC, and PBM/Cd ratios 

210 would indicate potential losses of Hg from aerosols due to photoreduction and volatilization 

211 processes. PBM Δ199Hg significantly negatively correlated with PBM/EC and PBM/Cd ratios 

212 (ANOVA, r2 = 0.45 to 0.59, p < 0.05) in summer, but only weakly and insignificantly negatively 

213 correlated with PBM/PM2.5 (r2 = 0.19, p = 0.21) (Figure S3). The PBM samples collected in summer 

214 (n = 56) displayed a Δ199Hg/Δ201Hg slope of 1.04 (Figure S4), which was within the range of those 

215 (1.00 to 1.12) derived from photoreduction of Hg(II) complexed with DOC and soot particles and 

216 anthropogenic sources.11, 56, 57 These findings suggest photoreduction of PBM was likely responsible 

217 for the positive Δ199Hg values in summer in these cities. In contrast, no significant correlations were 

218 observed between PBM Δ199Hg and PBM/PM2.5, PBM/EC and PBM/Cd ratios in winter, and the 

219 Δ199Hg/Δ201Hg slope was 1.20 (Figure S3 and S4). We reason that the partitioning of GOM to PBM 

220 increases during winter and this addition of Hg(II) is then processed to a greater extent by reactions 

221 within aerosols (more discussions in Section 3.3 below).7, 34    

222 3.3 Odd-Hg MIF induced by mercury transformations in aerosols  

223 PBM in the atmosphere is mainly derived from primary anthropogenic emissions and gas-

224 particle partitioning of GOM,8, 34, 51 whereas the adsorption and oxidation of Hg(0) on aerosol 

225 surfaces are generally considered less relevant due to its low solubility in liquid aerosols,58 low 

226 uptake by soot,59 and weak reactivity at the interface.60 The MIF of Hg isotopes and Δ199Hg/Δ201Hg 

227 ratios can be potential tracers of Hg transformations. In the present study, we observed that city-

228 specific mean Δ199Hg/Δ201Hg ratios of PBM varied noticeably from 0.94 ± 0.12 to 1.39 ± 0.11 

229 (Figure 3), and the mean Δ199Hg of PBM increased linearly with this ratio (ANOVA, r2 = 0.90, p < 

230 0.01, Figure S5). 

231 The much higher than unity Δ199Hg/Δ201Hg ratios of PBM observed in some cities (e.g., 1.24 

232 to 1.39 in Shijiazhuang, Jinan, Lanzhou, and Zhengzhou) were not likely inherited from GOM 

233 during gas-particle partitioning because available global data showed Δ199Hg/Δ201Hg ratios of GOM 

234 being around 1.0.22, 27 Global source materials and anthropogenic PBM emissions generally have 

235 small magnitude of odd-MIF and a Δ199Hg/Δ201Hg ratio of ~1.0,61 and therefore should not be the 

236 cause of the observed high Δ199Hg/Δ201Hg ratios. Generally, large MIF of odd-Hg isotopes are 

237 mainly induced by the magnetic isotope effect (MIE) during photochemical redox reactions of Hg 

238 in the environment. Photoreduction of Hg(II) may result in either (+)MIE (positive Δ199Hg in 

239 reactant) or (-)MIE (negative Δ199Hg in reactant), depending on the complexes of Hg(II) and 

240 reaction conditions.15, 56, 62 Experimental studies on the photoreduction of Hg(II) in fresh waters 
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241 (DOC complexed), water-saturated soot particles, and soils show (+)MIE with Δ199Hg/Δ201Hg ratios 

242 ranging from 1.0 to 1.12,11, 56, 57, 62, 63 and this explains well the Δ199Hg/Δ201Hg ratios (0.94 to 1.15) 

243 observed in six out of the ten cities (Figure 3). Photoreduction of Hg(II) complexed with S 

244 containing ligands can potentially generate high Δ199Hg/Δ201Hg ratios of up to 1.34 to 1.46 

245 accompanied by significantly negative Δ199Hg in reactant Hg(II) due to (-)MIE.56, 62 Photochemical 

246 gas-phase oxidation of Hg(0) by atomic Br and Cl has Δ199Hg/Δ201Hg ratios of 1.64 and 1.89, 

247 respectively, but would likely result in negative Δ199Hg in PBM following the adsorption of GOM 

248 reaction product by particles.12 These experimental results are in contrast, at least to a certain extent, 

249 with the observations in Shijiazhuang, Jinan, Lanzhou, and Zhengzhou (e.g., high Δ199Hg/Δ201Hg 

250 ratios of 1.24 to 1.39 and highly positive mean Δ199Hg of 0.34 to 0.47‰, Figure 3). A previous 

251 study showed that Δ199Hg/Δ201Hg ratio increased from 1.19 to 1.31 with Hg/DOC ratio increasing 

252 from 34.6 to 8330 ng/mg during aqueous Hg(II) photoreduction.13 Given the fractions (mean: 67%) 

253 of water soluble OC in total OC in aerosols,64 we estimated that the mean water soluble Hg/DOC 

254 ratio in aerosols would not exceed 24 ng/mg in these cities (Table S1), which corresponds to the 

255 lowest Hg/DOC experiments in the previous study.13 Thus, Hg/DOC ratio was likely not the control 

256 factor for the observed high Δ199Hg/Δ201Hg ratios in some cities. MIF of Hg isotopes during dark 

257 abiotic Hg(II) reduction dominated by NVE is characterized by a Δ199Hg/Δ201Hg ratio of ~1.6.13, 17 

258 This process, however, is expected to play a minor role because of its fairly slow reaction rates in 

259 solutions and aerosols and negative Δ199Hg signatures in Hg(II) reactant.13, 65  

260 In the present study, we found the Δ199Hg/Δ201Hg ratio in the 10 cities negatively correlated 

261 with air temperature (ANOVA, r2 = 0.66, p < 0.01), and positively correlated with water-soluble 

262 Cl-, total Fe, and EC concentrations in aerosols (ANOVA, r2 = 0.54 to 0.64, p < 0.01 or 0.05) (Figure 

263 S6). Low air temperatures enhance the gas-particle partitioning of GOM,34 high levels of Cl- 

264 promote Hg(0) oxidation,66 and high Fe (partial in Fe2O3 form) and EC (S-rich) contents facilitate 

265 the uptake of Hg(0) in aerosols.67, 68 These factors together can facilitate the physiochemical 

266 reactions of Hg compounds in aerosols following the strong gas-particle partitioning of GOM. 

267 Recent modelling studies suggested that the major Hg(II) products derived from atmospheric Hg(0) 

268 gas-phase oxidation are mainly complexed with -BrONO, -BrOOH, -BrOH, and -OH,4, 8 whereas 

269 Hg compounds in airborne particles are expected to include Hg(0), Hg(I), HgCl2, HgS, and HgO.69, 

270 70 We therefore hypothesize that substantial physiochemical transformations of Hg compounds may 

271 exist in aerosols following the gas-particle partitioning of GOM. This hypothesis is used here to 

272 interpret the odd-MIF of PBM (Figure 4). 

273 Following the partitioning of GOM into aerosols, Hg(II) can undergo photoreduction to form 

274 Hg(0), which is either released back to the atmosphere or retained in aerosols. The photoreduction 

275 of Hg(II) is expected to drive a large positive Δ199Hg shift and generate a Δ199Hg/Δ201Hg ratio of 
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276 ~1.0 in reactant Hg(II) in aerosols due to (+)MIE. 11, 56, 62 In addition to Hg(II) photoreduction, a 

277 fraction of Hg(II) is likely complexed with thiol functional groups, and this equilibrium process 

278 results in a small positive Δ199Hg shift (e.g., < 0.1‰) in thiol bound Hg(II) relative to reactant Hg(II) 

279 and a Δ199Hg/Δ201Hg ratio of ~1.6 due to NVE.16 The thiol bound Hg(II) displays a limited reactivity 

280 towards photoreduction and therefore tends to be retained in aerosols.71 More importantly, we 

281 propose that the redox reactions involving Hg compounds in aerosols are also crucial for the odd-

282 MIF of PBM (Figure 4). Once reduced, Hg(0) in aerosols may be rapidly re-oxidized back to Hg(II), 

283 especially in the presence of abundant Cl- (through production of reactive chlorine species or 

284 complex Hg(II) product), trace metals in higher oxidation states (e.g., Fe2O3), and organic and humic 

285 acid, as observed in previous studies.18, 66, 68 The coexistence of Hg(0) and Hg(II) in aerosols 

286 facilitates the Hg(0)-Hg(II) isotope exchange which in turn generates a Δ199Hg/Δ201Hg ratio of ~1.6 

287 due to NVE and a positive Δ199Hg shift (up to 0.18‰) in Hg(0) retained in aerosols.18 In addition, 

288 reactive chloride readily oxidizes Hg(0) in liquid aerosols (triggered by OH and/or ozone),68 which 

289 has been observed to produce large MIF of odd-Hg isotopes (E199Hgreactant-product = 0.13 to 0.44‰) 

290 and Δ199Hg/Δ201Hg ratios of 1.6 to 1.9 by gas-phase and aqueous experiments.12, 72 As highlighted 

291 by a recent modelling study,8 a substantial fraction of photostable HgCl2 (negative Δ199Hg) produced 

292 in this manner would be partitioned into the gas phase, which in turn leads to an increase of Δ199Hg 

293 and Δ199Hg/Δ201Hg ratio in the aerosol Hg pool. The remaining fractions of Hg(0) could be retained 

294 in aerosols by adsorption to elemental carbon (EC) soot and Fe2O3 nanoparticles,69, 73, 74 preserving 

295 the positive MIF signatures of Hg(0) in aerosols (Figure 4). The above hypothesis is supported by 

296 the observed effects of water-soluble Cl-, total Fe, and EC in aerosols on the variations in 

297 Δ199Hg/Δ201Hg ratio (Figure S6). These factors together facilitate the physiochemical reactions of 

298 Hg compounds in aerosols (e.g., Hg(II) thiol complexation, reactive chloride oxidation, and 

299 nanoparticle uptake of Hg(0)), that potentially lead to positive shifts of odd-Hg MIF and increased 

300 Δ199Hg/Δ201Hg ratio in PBM. Based on a binary mixing model of NVE and MIE fractionation and 

301 their respective typical Δ199Hg/Δ201Hg ratios of 1.6 and 1.0 (Text S1 and Figure S7), we roughly 

302 estimate that the shift of PBM Δ199Hg due to the NVE in Shijiazhuang, Jinan, Lanzhou, and 

303 Zhengzhou were on average 0.26‰ (0.00 to 0.55‰), 0.31‰ (0.00 to 0.70‰), 0.46‰ (0.00 to 

304 0.67‰), and 0.16‰ (0.00 to 0.41‰), respectively. These values are somewhat higher than those 

305 produced during Hg(II) thiol complexation and Hg(0)-Hg(II) isotope exchange experiments (Δ199Hg 

306 <0.2‰),16, 18 but within the range of those produced during Cl-triggered Hg(0) oxidation (Δ199Hg 

307 up to ~1.2‰).12, 72 We caution that several Hg(II) photoreduction experiments have reported 

308 Δ199Hg/Δ201Hg ratios of higher than 1.0 for (+)MIE,13, 62 and therefore the potential contributions of 

309 the Hg(II) photoreduction to the elevated Δ199Hg/Δ201Hg ratios in the present study should be not 
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310 ruled out. For example, using a Δ199Hg/Δ201Hg ratio of 1.19 for (+)MIE that resemble the Hg/DOC 

311 ratio in aqueous aerosols in this study would predict smaller contributions of NVE to the odd-Hg 

312 MIF in these cities (Text S1).13 Nevertheless, high Δ199Hg/Δ201Hg ratios (e.g., 1.24 to 1.39) observed 

313 in some cities in the present study suggest that photochemical Hg(II) reduction is not likely the 

314 exclusive origin of the odd-Hg MIF in aerosols, and other in-aerosol heterogeneous Hg reactions 

315 should be also considered to interpret the odd-MIF signatures of PBM in the urban environment. 

316 Further studies on the mechanisms of odd-MIF and diagnostic Δ199Hg/Δ201Hg ratios during specific 

317 Hg transformations in aerosols are needed to better understand fate of Hg and fractionation of Hg 

318 isotopes in aerosols. 

319 3.4 PBM originated from atmospheric Hg(0) oxidation  

320 Recent studies have explored the MIF variability of even-Hg isotopes (e.g., Δ200Hg), which is 

321 thought to be produced during photochemical Hg redox reactions at high altitudes and 

322 distinguishable among atmospheric Hg species (e.g., Δ200Hg of Hg(0) vs GOM and wet 

323 deposition).12, 20, 22, 75 Δ200Hg has been used to track the pathways of atmospheric Hg deposition to 

324 Earth surface reservoirs.21, 22, 76, 77 City-specific mean PBM Δ200Hg obtained in the present study 

325 ranged from 0.02 to 0.06‰, while higher values (0.01 to 0.14‰) have been reported from rural 

326 areas in China (n = 3), a coastal site in the United States, and over oceans (Figure 5).27-30 PBM in 

327 the atmosphere is sourced from primary anthropogenic PBM emissions, gas-particle partitioning of 

328 GOM emitted from anthropogenic sources, and gas-particle partitioning of GOM produced during 

329 atmospheric Hg(0) oxidation. PBM and GOM directly emitted from anthropogenic sources are 

330 expected to have Δ200Hg values around 0.00 ± 0.03‰.61, 78 The positive shift in the observed 

331 Δ200HgPBM (the higher values than ~0.00‰ mentioned above) should be mainly caused by gas-

332 particle partitioning of GOM produced by Hg(0) oxidation, which is observed to carry significantly 

333 positive Δ200Hg values.22, 27 Here we use Δ200Hg to estimate the fraction of PBM sourced from 

334 atmospheric Hg(0) oxidation (FHg(0)-oxidation) based on Equations (3) and (4) below. 

335 Δ200Hgsample = F(anthropogenic) × Δ200H(PBM&GOM-anthropogenic) + F(Hg(0)-oxidation)× Δ200Hg(Hg(0)-oxidation)   (3)

336 F(anthropogenic) + F(Hg(0)-oxidation) = 1     (4)

337 where Δ200Hgsample is the observed Δ200Hg values of PBM samples; Δ200Hg(PBM&GOM-anthropogenic) is 

338 the Δ200Hg values of anthropogenic emitted PBM and GOM;  Δ200Hg(Hg(0)-oxidation) is the Δ200Hg 

339 signature of GOM produced by Hg(0) oxidation; and F(anthropogenic) and F(Hg(0)-oxidation) are the fractions 

340 of PBM derived from anthropogenic emissions (PBM and gas-particle partitioning of GOM emitted 

341 from anthropogenic sources) and gaseous Hg(0) oxidation followed by gas-particle partitioning of 

342 GOM, respectively. 

343 The Δ200Hg signature of GOM produced by Hg(0) oxidation (Δ200Hg(Hg(0)-oxidation)) is estimated 

344 to be 0.15 ± 0.06‰ based on observations in the free troposphere,22 and this value is close to the 
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345 mean Δ200Hg of precipitation at global background sites (0.16‰),77 which is dominantly originated 

346 from removal of GOM produced in the free troposphere.3, 79 Figure 5 shows the mean Δ200Hg values 

347 of PBM, GOM, and precipitation at global sites excluding Polar region, where the near zero Δ200Hg 

348 values of PBM are due to insufficient understanding of transformation mechanisms.31, 32 Hence, the 

349 mean fractions (±1sd) of PBM sourced from atmospheric Hg(0) oxidation followed by gas-particle 

350 partitioning of GOM were estimated to be 41 ± 25%, 33 ± 22%, 53 ± 24%, 45 ± 26%, and 62 ± 24% 

351 in urban China, urban South Asia, rural China, Asian seas, and North American, respectively using 

352 Monte Carlo simulation (Text S2 and Figure S8). A combination of above results yields a mean 

353 fraction of 47% for the PBM sourced from atmospheric Hg(0) oxidation. This, together with the 

354 dominant contribution of Hg(0) oxidation to PBM in polar region,32 suggests PBM is potentially an 

355 important sink for Hg(0) in the global atmosphere. For example, given the contributions of 

356 atmospheric Hg(0) oxidation to PBM and a total PBM deposition of 229 tons/yr in China,36 we 

357 estimated that approximately 108 tons of Hg(0) in the atmosphere in China are removed annually 

358 via transformation to PBM, which accounts for 36% of the anthropogenic Hg(0) emissions in 

359 China.51     

360 4 Environmental implications  

361 Aerosols play a crucial role in the biogeochemical cycling of Hg in the atmosphere,3, 8 but the 

362 knowledge concerning Hg chemistry in aerosols is limited.7 PBM has been observed to frequently 

363 carry significantly positive Δ199Hg values, which are clearly different from the corresponding 

364 signature for primary anthropogenic emissions.23, 27, 28 Positive Δ199HgPBM signatures together with 

365 a Δ199HgPBM/Δ201HgPBM ratio of ~1.0 reported in previous studies indicate that photoreduction of 

366 Hg(II) occurred in aerosol,24, 27, 28, 33 which is generally accounted for in modelling studies.3, 8 In the 

367 present study, we found that the Δ199Hg/Δ201Hg ratio varied largely from 0.94 to 1.39 in ten Chinese 

368 megacities and the ratio increased with the mean Δ199Hg value in any individual city during the 

369 study period. We speculated that other reaction processes, including isotope exchange between 

370 Hg(II) and Hg(0), Hg(II) complexation with thiols, and photochemical oxidation of Hg(0) by 

371 reactive chloride in aerosols, are also potential factors influencing the odd-MIF of PBM in the 

372 present study. This is especially the case in urban atmosphere with elevated aerosol contents of 

373 chloride, Fe, and EC. This hypothesis could potentially explain the observed compounds of Hg in 

374 PBM69 and the most abundant gaseous HgCl2 compound simulated in the atmosphere.8 Mercury 

375 chemistry in aerosols likely produces Hg compounds with different photochemical behaviors than 

376 those produced via gas-phase chemistry,4, 8, 71 which therefore has a potential to influence the 

377 photochemistry of atmospheric Hg. It should be noted that the diagnostic Δ199Hg/Δ201Hg ratios of 

378 PBM at many sites in this and previous studies resemble those of Hg(II) photoreduction,23, 24, 27, 28 
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379 indicating photoreduction of Hg(II) is likely the dominant mechanism inducing the positive PBM 

380 MIF in the continental atmosphere. It seems to be plausible that the Hg transformation processes in 

381 aerosols are largely influenced by aerosol chemistry and meteorological parameters, and the PBM 

382 isotope signatures imparted by these processes would differ noticeably in various atmospheric 

383 environments and over different time scales. The samples in the present study were collected during 

384 short sampling periods in several Chinese cities, and it is therefore not clear whether the proposed 

385 reaction processes in this study would be environmentally relevant for the aerosols in the global 

386 atmosphere. Further studies on PBM isotope signatures in various atmospheric environments (urban, 

387 remote, and oceanic) and over longer time scales are needed to improve our knowledge of the 

388 physiochemical reactions of Hg in aerosols. 

389 There is an increasing consensus that Hg(0) in the atmosphere is more readily deposited to the 

390 Earth surface reservoir than traditionally assumed,76, 77, 80, 81 however, missing atmospheric Hg 

391 oxidation processes may still exist in light of the fast photolysis of major constituents of gaseous 

392 oxidized Hg.9 Based on the Δ200Hg signatures of speciated atmospheric Hg, we estimate that an 

393 important fraction of PBM (~47% on global average) is sourced from Hg(0) oxidation followed by 

394 partitioning of GOM into aerosols. Deposition of PBM is an important pathway for the removal of 

395 atmospheric Hg,34, 36 and therefore transformation of Hg(0) to PBM would constitute an important 

396 sink of atmospheric Hg(0). Previous studies have revealed that gas-particle partitioning of GOM, 

397 which is from both anthropogenic emission and Hg(0) oxidation, is an important source of PBM,34 

398 while the present study for the first time quantified the fraction of PBM sourced from the 

399 atmospheric Hg(0) oxidation process. We caution that, due to the insufficient knowledge of the 

400 isotope signatures of speciated atmospheric Hg, the quantification of the sources and transformation 

401 mechanisms of atmospheric Hg species have large uncertainties. Therefore, further intensive field 

402 and experimental studies on the fractionation of stable isotopes of speciated atmospheric Hg are still 

403 needed in order to better constrain the physicochemical processes of atmospheric Hg and the cycling 

404 of Hg between Earth surfaces and atmosphere.    

405  Supporting Information

406 Additional information of the ancillary methodology, sampling locations, isotopic 

407 compositions of PBM, and relationship analysis between PBM isotopic compositions and ancillary 

408 parameters are presented in the Supporting Information (Text S1-S2, Table S1-S3, and Figure S1-

409 S9). 
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419 Figure 1 Means (±1sd) of δ202Hg versus Δ199Hg (A) and δ202Hg versus Δ200Hg (B) for PBM 
420 collected in the 10 megacities in this study. Observations of δ202Hg, Δ199Hg, and Δ200Hg for PBM 
421 in rural areas of China,28 oceans,28-30, urban areas of South Asia,25, 26 and USA,27 as well as Hg(0) 
422 (GEM) in urban and rural areas of China37, 52, 53 were also compiled from previous studies. Error 
423 bars are 1sd of the mean values.     

424  

425
426
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427 Figure 2 Summertime and wintertime means of PBM concentrations, PBM/PM2.5 ratios, PBM/EC 

428 rations, δ202HgPBM, Δ199HgPBM, solar radiation, and air temperature at the 10 urban sites. Error bars 

429 are 1sd of the mean values.

430
431
432
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433 Figure 3 Linear regression analysis (Variables Entered - SPSS Statistics) between Δ199Hg and 

434 Δ201Hg of daily PBM samples in the 10 cities. 

435  

436
437
438
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439 Figure 4 A diagram scheme showing the odd-MIF of PBM isotopes caused by potential 

440 physicochemical reactions in aerosols. GOM compounds produced from gaseous-phase Hg(0) 

441 oxidation are from previous studies.4, 8 Photoreduction of Hg(II) in aerosols is expected to generate 

442 a Δ199Hg/Δ201Hg ratio of ~1.0 and positive odd-MIF in reactant Hg(II) due to (+)MIE.11, 56, 57, 62 We 

443 speculate that diagnostic Δ199Hg/Δ201Hg ratios higher than 1.0 were caused by other heterogeneous 

444 Hg reactions in aerosols (e.g., complexation of Hg(II) with thiol (-SH), Hg(II)-Hg(0) isotope 

445 exchange, aqueous photooxidation of Hg(0) by reactive chloride) that express NVE.12, 16, 18, 72 

446
447  
448
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449 Figure 5 Summary of mean (±1sd) Δ200Hg values of PBM, free tropospheric GOM, and background 

450 precipitation in different regions worldwide. Data are from this study and the literature.22, 25-30, 77 

451 Green circles indicate the mean PBM Δ200Hg values at individual sites (n = 20).   

452
453
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