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Abstract 34 

The isotopic composition of atmospheric total gaseous mercury (TGM) and 35 

particle-bound mercury (PBM) and mercury (Hg) in litterfall samples have been 36 

determined at urban/industrialized and rural sites distributed over mainland China for 37 

identifying Hg sources and transformation processes. TGM and PBM near 38 

anthropogenic emission sources display negative δ
202

Hg and near-zero ∆
199

Hg in 39 

contrast to relatively positive δ
202

Hg and negative ∆
199

Hg observed in remote regions, 40 

suggesting that different sources and atmospheric processes force the mass-dependent 41 

fractionation (MDF) and mass-independent fractionation (MIF) in the air samples. 42 

Both MDF and MIF occur during the uptake of atmospheric Hg by plant, resulting in 43 

negative δ
202

Hg and ∆
199

Hg observed in litter-bound Hg. The linear regression 44 

resulted from the scatter plot relating the δ
202

Hg to ∆
199

Hg data in the TGM samples 45 

indicate distinct anthropogenic or natural influences at the three study sites. A similar 46 

trend was also observed for Hg accumulated in broadleaved deciduous forest foliage 47 

grown in areas influenced by anthropogenic emissions. The relatively negative MIF in 48 

litter-bound Hg compared to TGM is likely a result of the photochemical reactions of 49 

Hg
2+

 in foliage. This study demonstrates the diagnostic stable Hg isotopic 50 

composition characteristics for separating atmospheric Hg of different source origins 51 

in China and provides the isotopic fractionation clues for the study of Hg 52 

bio-accumulation. 53 

  54 
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Introduction 55 

Mercury (Hg), released to atmosphere by both anthropogenic and natural emissions, is 56 

a global pollutant posing a threat to the health of humans and wildlife. 
1
 Hg emissions 57 

in China account for approximately one-third of anthropogenic mercury emissions to 58 

the global atmosphere.
2, 3

 Although with uncertainty,
4, 5

 Hg release from natural 59 

surfaces including re-emissions of legacy Hg from terrestrial landscapes in China 60 

have been considered significantly elevated compared to that reported in Europe and 61 

North America.
3
 Source attribution of atmospheric Hg is challenging due to the 62 

unique characteristics of the dominant Hg
0
 species, such as its long residence time in 63 

the atmosphere (0.5-1 years), tendency to re-volatilize after deposition, mixing ratios 64 

below parts per trillion (pptv),
6
 and not yet well understood bi-directional exchange 65 

between the atmosphere and terrestrial surfaces.
4
 66 

Since the development of multi-collector inductively coupled plasma mass 67 

spectrometry (MC-ICPMS), the composition of stable Hg isotopes has been 68 

investigated for the source apportionment of Hg in environmental compartments. Hg 69 

isotopes exhibit both mass dependent fractionation (MDF) and mass independent 70 

fractionation (MIF). Hg-MDF (reported as δ
202

Hg) has been demonstrated to 71 

ubiquitously occur in the environment as a result of chemical,
7-11

 physical
12-17

 and 72 

biological processes,
7, 18-23

 while Hg-MIF is triggered only by specific mechanisms. 73 

Recent studies also reported MIF (calculated by relating with δ
202

Hg) for both odd 74 

(e.g. 
199

Hg and 
201

Hg) and even (e.g. 
200

Hg, 
204

Hg) isotopes. The odd-MIF (reported 75 

here as ∆
199

Hg) results primarily from e.g. aqueous photochemical reactions.
7-10, 21, 22

 76 

Significant even-MIF (reported here as ∆
200

Hg), hypothesized to be caused by 77 

atmospheric Hg
0
 photo-oxidation, has been observed in atmospheric precipitation and 78 

surface waters.
24-26

 Hence, Hg isotope measurements may reveal diagnostic patterns 79 

of multiple useful isotopic signatures (δ
202

Hg-∆
199

Hg-∆
200

Hg-∆
201

Hg), and therefore 80 

provide clues for tracing sources and pathways related to Hg transport and 81 

transformation. 82 

Source attribution of atmospheric Hg by exploring isotopic signatures in samples 83 

coupled with meteorological analysis is conceivable since the isotopic compositions 84 
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of anthropogenic Hg emission sources are potentially different from each other.
27, 28 85 

However, the isotopic composition of atmospheric Hg is not well constrained at a 86 

sufficient spatial-temporal coverage. This especially concerns particle-bound Hg 87 

(PBM) due to the challenge in sampling and pre-concentration from ambient air. In 88 

addition, a large variation of speciated atmospheric Hg isotopic compositions has 89 

been reported in earlier studies, suggesting a complex interaction of sources, mixing 90 

and transformation processes in shaping the isotopic composition of airborne Hg.
24, 27, 

91 

29
 Sufficient fundamental isotopic data on atmospheric Hg from sources and receptors 92 

is crucial for the application of Hg isotopes in Hg source apportionment and processes 93 

analysis. 94 

Hg isotopic compositions in foliage and lichen/moss has been utilized as a proxy 95 

to reflect the bulk Hg isotopic compositions of ambient air.
30, 31

 However, recent 96 

direct measurements of airborne Hg exhibited a substantial isotopic discrepancy 97 

between vegetation and air samples and suggested important isotopic fractionation 98 

during exchange and assimilation.
23, 26, 32

 Since isotopic fractionation, especially MIF 99 

of Hg, points to diagnostic geochemical processes, more detailed isotopic data may 100 

provide clues to understand the processes during Hg bio-accumulation by terrestrial 101 

vegetation. 102 

In this study, atmospheric Hg samples were collected over a period of nearly two 103 

years for isotopic composition analysis at two remote mountain sites (Mt. Damei, 104 

Zhejiang province in eastern China and Mt. Ailao, Yunnan province in southwest 105 

China), three urban/industrial sites in Guiyang (Guizhou province, southwest China) 106 

and one urban site in Beijing (north China). Litterfall samples in the forest at the two 107 

mountain sites were also collected monthly for stable Hg isotope measurements. The 108 

objectives of this study are to: (1) characterize the isotopic signatures of atmospheric 109 

Hg and litterfall samples at representative remote/ urban/industrialized sites in China; 110 

(2) investigate Hg isotopic fractionation caused by atmospheric processes (e.g., 111 

transportation and transformation); and (3) quantify the magnitude of isotopic 112 

fractionation during Hg accumulation in foliage. 113 

 114 
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Experimental Section 115 

Sites description. As shown in Fig. S1 (Supporting Information, SI), Ailaoshan 116 

Station for Subtropical Forest Ecosystem Studies (ALS, 24°32′N, 101°01′E, 2491 m 117 

a.s.l, operated by Chinese Academy of Sciences) is located at the northern ridge of Mt. 118 

Ailao Nature Reserve, Yunnan Province. Around ALS, there are no large 119 

anthropogenic Hg emission sources within a radius of ~100 km. 120 

Dameishan Atmospheric Observatory (DAO, operated by Chinese Academy of 121 

Sciences) is located at the summit of Mt. Damei (121°33′E, 29°37′N, 550 m a.s.l) near 122 

the coastal range of Ningbo, Zhejiang Province. The location of DAO is proximate to 123 

the Yangtze River Delta region, one of the heaviest industrialized areas in China. 124 

Anthropogenic Hg emissions, such as from coal combustion, cement production, steel 125 

production, waste incineration, domestic heating and solid waste recycling
2
 contribute 126 

to the elevated level of total gaseous mercury (TGM, 5.4±4.1 ng m
-3

) in the region,
33

 127 

compared to Northern Hemisphere background.
34

 128 

Air sampling was also conducted at two urban sites (SK, MS) in downtown 129 

Guiyang and a third site (BY) in a sub-urban industrialized area (Fig. S1). Guiyang is 130 

the capital of Guizhou province. Observations of speciated mercury in its urban air 131 

showed elevated TGM concentration (9.72±10.2 ng m
-3

), and seasonally high levels 132 

of PBM (< 2.5 µm) (368±276 pg m
-3

).
35-37

 Domestic coal combustion and large 133 

industrial point sources have been identified to dominate the local Hg emissions to 134 

air.
36

 An additional TGM sampling was preform in central Beijing (BJ) to compare the 135 

isotope compositions of TGM in the two cities with distinct meteorological conditions 136 

(humid subtropical climate in Guiyang vs. dry temperate climate in Beijing). Previous 137 

monitoring studies
33, 38

 showed elevated TGM concentration in Beijing urban air 138 

(10.4±3.25 ng m
-3

). More information is available in the SI. 139 

Sample collection. Analysis of stable Hg isotopes for TGM and PBM samples was 140 

performed following a published method.
39

 In this method, TGM and PBM are 141 

collected on iodinated carbon (IC) traps and quartz fiber filter, respectively. A detailed 142 

description of the sampling apparatus and operation is given in SI sample collection. 143 

The air sampling system at ALS was initially installed below canopy of the forest but 144 
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moved to a nearby open field after 12 months of operation to examine the influence of 145 

canopy on Hg isotopic composition. Sampling locations at other study sites was fixed 146 

over time. An experimental breakthrough measurement was conducted twice in 147 

Guiyang to evaluate the sampling efficiency for TGM over time. A separate Hg vapor 148 

analyzer (Tekran 2537B, Tekran Instrument, Canada) was installed to continuously 149 

monitor the TGM concentration at both inlet and outlet of the IC trap (mean TGM = 150 

11.94 ng m
-3

). Breakthrough of Hg vapor was not detected for 30 days of continuous 151 

sampling. The TGM concentration at the study sites was several times lower than the 152 

level during the breakthrough experiment and the sampling duration was also shorter 153 

(1 to 4 weeks compared to 30 days). Therefore, breakthrough of Hg vapors for the air 154 

samples collected at the study site was highly unlikely. Litterfall samples were 155 

collected monthly using a nylon net trap in the forest at the two mountain sites. More 156 

details are supplied in SI sample collection. 157 

Sample pre-concentration procedures and total Hg concentration analysis. The 158 

collected TGM/PBM samples were processed using a double-stage offline 159 

combustion-trapping technique.
39-41

 A catalyst tube (LECO, USA) was utilized to 160 

remove iodine and iodine-containing oxidation products from the IC traps that would 161 

otherwise cause negative interference in the subsequent isotope measurements. Ten 162 

milliliters of KMnO4 acid trapping solution
14

 was utilized to capture the thermally 163 

decomposed Hg. A detailed description of the procedures is given in SI 164 

pre-concentration. The Hg mass in each trapping solution was measured by cold 165 

vapor atomic fluorescence spectrometry (CVAFS, Model 2500, Tekran Instruments, 166 

Canada) following the US-EPA Method 1631.
42

 A series of tests with IC traps being 167 

spiked with specified amounts of Hg
0
 from an external mercury vapor calibration unit 168 

(Tekran Model 2505) were conducted. The Hg recovery after catalyst unit was 169 

determined to be 94±6% (1σ; n = 6), whereas the procedural blanks of IC traps were 170 

at 50±23 pg (1σ; n = 3), <1% of the Hg in the sample. 171 

Hg concentration in litterfall sample was measured by atomic absorption 172 

spectroscopy (RA915+ with a pyrolysis unit Pyro-915+, Lumex, Russia).
43

 The 173 

detection limit for Hg concentration was 0.5 ng g
-1

. All samples were analyzed in 174 
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triplicates. Accuracy was assessed using the certified reference material GBW10020 175 

(GSB-11, citrus leaves, China), with an average percent recovery of 106±8% (n = 10). 176 

Each vegetation sample was subsequently weighed (~0.5 g) and digested by 5 mL 177 

mixture of HNO3 and H2SO4 (4:1, v/v). 178 

Measurement of Hg concentration and isotopic composition. Hg isotopes were 179 

measured by MC-ICPMS (Nu Plasma, Nu instruments, UK) following a published 180 

methodology.
44

 Before introduced into the liquid-vapor separator, each trapping 181 

solution sample was treated with 0.2 mL of 20% (m/m) NH2OH-HCl solution (to 182 

discharging remaining MnO4
-
) and diluted to a concentration of ~1 ng Hg mL

-1
. Hg 183 

concentrations of the diluted samples and bracketing standards (SRM 3133, National 184 

Institute of Standards and Technology, diluted in 15% (v/v) aqua regia) were matched 185 

within 10%. All samples were analyzed twice in 2 blocks (100 cycles per block and 6 186 

s integration time per cycle). The internal precision (1σ) for Hg isotopic ratio is lower 187 

than 0.1‰. Hg isotopic compositions are reported in delta notation (δ) in permil (‰).  188 

 ( ) ( )198 198

3133/ / / 1 1000xxx xxx xxx

sample SRMHg Hg Hg Hg Hgδ  = − ×   (1) 

where xxx refers to the mass of each isotope between 199 and 202 amu. Following 189 

Blum and Bergquist
45

 Hg-MIF is reported in capital delta notation (∆). 190 

199 199 2020.252Hg Hg Hgδ δ∆ = − ×  (2) 

200 200 2020.502Hg Hg Hgδ δ∆ = − ×  (3) 

201 201 2020.752Hg Hg Hgδ δ∆ = − ×  (4) 

UM-Almadén
45

 (diluted to Hg concentration of 1 ng mL
-1

 in 3% (v/v) nitric acid) 191 

was analyzed as a secondary standard, using the same analytical treatment. The 192 

determined isotopic composition of UM-Almadén (δ
202

Hg = -0.57±0.17‰; ∆
199

Hg = 193 

-0.03±0.08‰; ∆
200

Hg = 0.00±0.05‰; ∆
201

Hg = -0.03±0.11‰, 2σ; n = 12) compared 194 

favorably with literature data.
45

 BCR482 (lichen, Institute for Reference Materials and 195 

Measurements) was utilized as a solid reference standard for the PBM and litterfall 196 

samples to evaluate the isotopic fractionation during pre-concentration. The 197 

determined isotopic composition of BCR482 (δ
202

Hg = -1.67±0.16‰; ∆
199

Hg = 198 

-0.57±0.10‰; ∆
200

Hg = 0.06±0.08‰; ∆
201

Hg = -0.58±0.09‰, 2σ; n = 7) was 199 
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comparable with literature data.
46

 The stated uncertainty of isotopic composition for 200 

an individual sample listed in Table S1 and S2 corresponded to the larger standard 201 

deviation (2σ) of replicate measurements of either the field sample of the 202 

UM-Almadén standard.  203 

Meteorological data. Hourly meteorological data of Ningbo and Beijing were 204 

acquired from China Meteorological Administration (http://data.cma.cn). Hourly 205 

meteorological data of ALS were measured on site by the Chinese Ecological 206 

Research Network. 207 

 208 

Results and discussion 209 

Concentrations and isotope compositions of Hg. Hg concentration and isotopic 210 

composition of in air and litterfall samples are illustrated in Fig. 1 (data shown in 211 

Tables S1 and S2). TGM samples collected at ALS were characterized by positive 212 

δ
202

Hg and slightly negative ∆
199

Hg (δ
202

Hg: 0.52±0.30‰; ∆
199

Hg: -0.18±0.03‰; 1σ; 213 

n = 6), in contrast to the negative δ
202

Hg and near-zero ∆
199

Hg in TGM samples 214 

collected at ALS open field (δ
202

Hg: -0.35±0.39‰; ∆
199

Hg: -0.07±0.11‰; 1σ; n = 20). 215 

The isotopic signatures of TGM under canopy agree with the reported data in a forest 216 

ecosystem in Wisconsin, USA,
26

 and a forested peat bog in France.
32

 Enrico et al.
32

 217 

observed higher δ
202

Hg and lower TGM at the forested peat bog compared to 218 

background Hg and suggested that vegetation remove substantial amounts of TGM by 219 

foliage uptake. At ALS, the TGM collected under canopy has higher δ
202

Hg (by 0.9‰) 220 

compared to the TGM samples collected in the open field, but the concentrations are 221 

comparable (1.6±0.8 ng m
-3

; 1σ; n = 20 in open field versus 1.5±0.2 ng m
-3

; 1σ; n = 6 222 

under canopy; p= 0.5). Demers et al.
26

 observed highly positive δ
202

Hg in TGM 223 

evaded from forest floor. The re-emission from forest floor and foliage uptake by 224 

vegetation can both contribute to the positive δ
202

Hg in TGM samples from forest 225 

ecosystems. 226 

Negative δ
202

Hg and near-zero ∆
199

Hg were observed in TGM samples (δ
202

Hg: 227 

-0.65±0.37‰; ∆
199

Hg: 0.02±0.06‰; 1σ; n = 46) collected at the four urban/industrial 228 

sites without significant variation among the three urban sites in Guiyang city, similar 229 
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to the observations made in the urban air of Chicago, USA.
24

 Local/regional 230 

anthropogenic Hg emissions, especially from coal combustion, are the most important 231 

contributor to the TGM in most urban/industrial areas of China.
2, 33, 35-37

 The isotopic 232 

composition of coal using in the urban area has negative δ
202

Hg and near-zero ∆
199

Hg 233 

(δ
202

Hg: -1.00±0.27‰ and ∆
199

Hg: -0.03±0.04‰ in Guiyang; δ
202

Hg: -1.42±0.37‰; 234 

∆
199

Hg: 0.05±0.12‰ in Beijing).
48

 The Hg from coal combustion emission shows up 235 

to +0.8‰ MDF and insignificant MIF.
41

 The negative δ
202

Hg and the near-zero 236 

∆
199

Hg in TGM samples observed at the four urban/industrialized sites point to the 237 

impact by coal combustion sources.  238 

Negative δ
202

Hg and ∆
199

Hg (δ
202

Hg: -0.16±0.44‰; ∆
199

Hg: -0.10±0.05‰; 1σ; n 239 

= 30) were observed in TGM samples collected at DAO. The broad variation of 240 

isotopic composition is evidence of the mixing of background and 241 

urban/industrialized air masses (Fig. 1).  242 

Negative δ
202

Hg and near-zero ∆
199

Hg (δ
202

Hg: -0.73±0.54‰; ∆
199

Hg: 243 

0.02±0.07‰; 1σ; n = 46) were observed in PBM collected at DAO and the three 244 

urban/industrial sites in Guiyang (Fig. 2). Similar isotopic compositions in PBM at a 245 

landfill site in Kolkata, India has also been reported by Das et al.
49

 PBM may be from 246 

primary sources, e.g. coal combustion, as well as from secondary processes where 247 

gaseous Hg species is absorbed to atmospheric particulates.
6, 50

 Since particles are 248 

removed faster from air (in hours to a few days) than Hg
0
,
6
 local and regional 249 

emission sources, especially coal combustion in China,
51

 are the major contributor to 250 

PBM. Coal combustion is most likely the driver for the observed δ
202

Hg and ∆
199

Hg 251 

of PBM at these sites. The δ
202

Hg in PBM measured indoor at MS displays 252 

considerable differences compared to outdoor air (SK, see SI PBM between indoor 253 

and outdoor air), which warrants further investigation. 254 

In contrast to other studies (See Table S3 for references), discernible (One-Way 255 

ANOVA, p<0.05) negative even-mass-number isotope MIF (∆
200

Hg: -0.07±0.02‰; 256 

1σ; n = 6) in TGM was found only under canopy at ALS. These samples were 257 

collected near the forest floor, where Demers et al.
26

 in a study in the Rhinelander 258 

FACE site found negative ∆
200

Hg (-0.10±0.02‰) in TGM, in contrast to the TGM 259 
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samples collected above the canopy in the same study. It has been hypothesized that 260 

significant ∆
200

Hg in TGM is indicative of long-range transport from the upper 261 

troposphere.
27

 Nevertheless, the processes triggering the ∆
200

Hg have not been 262 

elucidated.  263 

A significant (t – test, P < 0.01) negative shift was observed for both δ
202

Hg and 264 

∆
199

Hg in litterfall samples in comparison to the TGM samples at the two mountain 265 

sites (litterfall samples at ALS: δ
202

Hg: -3.03±0.28‰; ∆
199

Hg: -0.40±0.08‰; 1σ; n = 266 

73; at DAO: δ
202

Hg: -2.52±0.67‰; ∆
199

Hg: -0.22±0.10‰; 1σ; n = 11). This implies 267 

that both (-)MDF and (-)MIF occur during foliage assimilation of atmospheric Hg or 268 

post-deposition transformations. Recent studies
23, 26, 32, 52

 have reported relatively 269 

lower δ
202

Hg and ∆
199

Hg in vegetation samples (e.g., aspen, rice, moss, pine, shrub, 270 

and lichen species) compared to the values in ambient air samples. Hg isotopic 271 

compositions in litters at ALS are more negative ∆
199

Hg compared to the samples at 272 

DAO site, without significant variation among the major defoliating tree species, 273 

which implies similar isotopic compositions may be observed in foliage from 274 

different tree species. 275 

Binary mixing trend of isotopic compositions in TGM and litterfall samples. 276 

Difference (T-test, p < 0.01) of the δ
202

Hg and ∆
199

Hg values among the air samples 277 

collected at ALS and Guiyang exhibits the influence by anthropogenic and natural 278 

emission sources of Hg. The attribution of source origin using measurements of Hg 279 

isotopic composition in precipitation, lichen and soil samples has been demonstrated 280 

previsouly.
24, 53, 54

 Atmospheric Hg from immediate anthropogenic emissions is 281 

characterized by negative δ
202

Hg and near-zero ∆
199

Hg, while Hg associated with 282 

regional background displays more positive δ
202

Hg and negative ∆
199

Hg (Table S3). 283 

Linear regression analysis of ∆
199

Hg/δ
202

Hg ratio in TGM samples collected at DAO, 284 

ALS and BJ sites is given in Fig. 1. A William-York bivariate method
55

 was also 285 

applied for linear regression corresponding isotopic data with 2σ to show the potential 286 

influences of data variability in the regression. The slope and intercept of the 287 

regression lines are also consistent with the TGM isotopic data reported earlier.
23, 24, 26, 

288 

27, 56
 We hypothesized that the trend represents the mixing of the global background 289 
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TGM pool and anthropogenic TGM emissions. Redox cycling, diffusion and mixing 290 

processes, as well as the surface exchange between air and land/ocean surface result 291 

in a homogeneous Hg isotopic composition pool. In contrast, anthropogenic emissions, 292 

mostly inherited from fossil fuel combustion, may shift the isotopic composition in 293 

ambient air.  294 

For the air samples under influence of anthropogenic emission sources, the 295 

∆
199

Hg and ambient TGM concentrations are correlated linearly (Fig. 4). At higher 296 

TGM concentration, ∆
199

Hg increases and gradually approaches zero as 297 

anthropogenic Hg emissions. In turn, negative ∆
199

Hg corresponds to lower TGM 298 

concentrations commonly observed at remote areas. The linear regression result gives 299 

ca. -0.15‰ at Hg concentration of 1.5 ng m
-3

, which represents the background 300 

atmospheric Hg concentration in the northern hemisphere.  301 

It should be noted that there are data points deviating from the regression lines in 302 

Fig. 1 and 4. The most likely reason is the impact of additional atmospheric Hg 303 

sources with distinct isotopic composition. Influences by photochemistry may also 304 

shift the isotopic composition (see SI Sunlight exposure influence the ∆
199

Hg in 305 

TGM). For the TGM at BJ, the influences from atmospheric processes are diluted due 306 

to the elevated TGM concentration from nearby anthropogenic emissions. The data 307 

scattering in Fig. 1 and 4 are mostly those observed at DAO and ALS, where 308 

photochemical reactions and other atmospheric Hg processes could shift the isotopic 309 

compositions. More fundamental research and field observations are necessary to 310 

understand the causes of these deviations in Hg isotopic composition. 311 

Hg isotopic composition in foliage are inherited from ambient air with 312 

modification during uptake processes. 
26, 32

 Nevertheless, foliage is not a passive 313 

isotopic monitor of TGM because the uptake induces a considerable shift in Hg 314 

isotopic composition. The fractionation process is indicated by the linear fit aligning 315 

the deciduous foliage data from DAO in the ∆-δ space that shows a similar slope 316 

between the Hg isotopic composition in litterfall collected at DAO and the isotopic 317 

compositions in TGM (Fig. 3). The isotopic signatures (∆
199

Hg and δ
202

Hg) and the 318 

Hg concentration in litterfall collected at DAO is shown in Fig. 5. The higher Hg 319 
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concentration in litters is most possibly caused by the uptake of Hg of anthropogenic 320 

sources, leading to the associations of high Hg concentration with the δ
202

Hg and 321 

∆
199

Hg signatures from anthropogenic Hg emissions. The samples collected at ALS 322 

are subject to weaker influence of anthropogenic emissions compared to the samples 323 

collected at DAO. The vegetation at ALS is of evergreen broad-leaf species with 324 

0.9-2.4 yr foliage lifespan, compared to ~1 yr of lifespan for deciduous species at 325 

DAO. This dilutes the influence of anthropogenic emissions on Hg isotopic signature 326 

found in the litters at ALS. The dark abiotic reduction or photochemical reactions of 327 

Hg in foliage/litters may also pose an effect to the isotopic compositions in litterfall 328 

samples.  329 

Mechanism responsible for the observed Hg-MIF. MIF of Hg isotopes are 330 

primarily explained by two mechanisms: the nuclear volume effect (NVE) and 331 

magnetic isotope effects (MIE).
7, 57, 58

 Previous studies
10, 12, 15, 59

 indicate that MIF 332 

caused by NVE produces a slope of ~1.6 in the scatter plot of ∆
199

Hg versus ∆
201

Hg, 333 

while MIE by photo-chemical reduction of Hg
2+

(aq) yields a slope near unity (~1.0).
7
 334 

The MIF in TGM samples is a result of multiple processes including emissions, 335 

atmospheric mixing and photochemical processes during transport/transformation; 336 

and the MIF signatures in litters are from atmospheric Hg with modification by 337 

uptake. Fig. S2 shows the ratios of ∆
201

Hg/∆
199

Hg for all TGM and litterfall samples. 338 

The ∆
199

Hg vs. ∆
201

Hg plot aligns linearly (p < 0.01) with a slope of near unity, 339 

implying that MIE is primarily responsible for the observed MIF. This suggests that 340 

TGM and the Hg accumulated by foliage is subject to photochemical reactions.
24, 26, 

341 

60-62
 However, at locations proximate to anthropogenic emission sources, the negative 342 

MIF may be influenced by mixing with polluted air with near-zero MIF signatures. A 343 

remote locations, the negative Hg-MIF signatures are clearly manifest. The MIF 344 

signatures in TGM are a result of multiple processes, i.e., volatilization, air mixing 345 

and photochemical reactions; while the MIF signatures in litters are inherited from 346 

atmospheric Hg, with modification by the uptake. 347 

Negative δ
202

Hg and positive ∆
199

Hg observed in rainfall samples have been 348 

reported. 
25, 63, 64

 Given the Hg isotopic fractionation observed in rainwater and PBM 349 

Page 13 of 28

ACS Paragon Plus Environment

Environmental Science & Technology



14 

 

(negative δ
202

Hg and near-zero ∆
199

Hg in this study), it is unlikely that the Hg in 350 

litterfall samples is derived from PBM or wet deposition. The most likely reason for 351 

the negative MIF shift from ambient air to litters is the re-emission of Hg from 352 

foliage/litterfall, possibly caused by redox processes. 
65

 Although the transformation 353 

of Hg within foliage remain unclear, photo-reduction of Hg
2+

 bound to reduced sulfur 354 

groups
 
may yield (-)MIF.

10 
Alternative possibilities including the oxidation of Hg

0
 in 355 

stoma, atmospheric Hg transformation and mixing with Hg
2+

 transported from root 356 

area inside the vescular plant, may also contribute to the MIF shift between 357 

atmospheric Hg and Hg in litters.  358 

 359 

Implications. This is the first study reporting the isotopic compositions in TGM and 360 

PBM, as well as litter-bound Hg in mainland China. We illustrated that atmospheric 361 

Hg from anthropogenic emissions and natural background differ in stable Hg isotopes. 362 

The influences of multiple sources/processes on the isotopic compositions of TGM 363 

are diluted at sites subject to anthropogenic emissions. Both MDF and MIF occur 364 

during Hg uptake in foliage, resulting in more negative δ
202

Hg and ∆
199

Hg in litters. 365 

The primary mechanism responsible for the observed MIF in TGM and litter-bound 366 

Hg is MIE induced by photochemical reactions. The isotopic signatures of Hg 367 

(including MDF and MIF) helps identify the Hg sources and biogeochemical 368 

processes. However, the limited temporal resolution the sampled atmospheric Hg 369 

samples impairs the ability to determine the actual processes involved in shifting the 370 

isotopic fractionation signatures. Collection with a higher temporal resolution (e.g., on 371 

a weekly or daily basis) can enable exploration of isotopic composition of stable Hg 372 

caused by emission and/or transformation events. Procedures may include chlorinated 373 

carbon (ClC) traps modified for high rate sampling 
39

 or synchronous sampling on 374 

multiple traps in parallel to collect sufficient TGM required for isotopic 375 

measurements.  376 
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Figure Captions 596 

Figure 1. The Hg isotopic compositions of TGM, illustrated with reported data ranges 597 

from Gratz et al. (2010), Sherman et al. (2010), Demers et al. (2013 and 2015) 598 

and Yin et al. (2013), as well as the linear regression lines based on data within 95% 599 

confidence intervals from DAO, ALS and BJ. A bi-directional error bar represent 600 

2σ of replicated isotopic measurements of UM-Almadén and error bars are only 601 

marked on dot with 2σ greater than that of UM-Almadén (as elsewhere in the 602 

following Figures). 603 

Figure 2. Comparison of Hg isotopic compositions in PBM and TGM samples from 604 

DAO and three urban sites in Guiyang city (SK, MS, BY), illustrated with 605 

reported data ranges from Yin et al. (2014). 606 

Figure 3. Hg isotopic compositions in litterfall samples collected at two remote 607 

mountain sites (DAO and ALS), compared with reported data ranges from Yin et 608 

al. (2013), Demers et al. (2013) and Jiskra et al. (2015), and the Hg isotopic 609 

compositions in air samples at the sites, with a linear regression line for data in 610 

litter samples at DAO (ALS-a: mixing species samples; ALS-b: Manglietia 611 

insignis; ALS-c: Lithocarpus chintungensis). 612 

Figure 4. Relationship between ∆
199

Hg and Hg concentration in TGM samples from 613 

DAO, ALS and BJ, plotted with data reported by Demers et al. (2015) and linear 614 

regression results. 615 

Figure 5. Relationship between Hg isotopic composition signatures (δ
202

Hg and 616 

∆
199

Hg) and Hg concentration in litters collected at DAO. 617 

618 
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