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Although the investigation of mercury (Hg) isotopes in precipitation has largely improved our knowledge of the
source and transformation of Hg in the atmosphere, rainwater investigated in previous studies were integrated
samples collected over an event and could obscure key information about the physiochemical transformation
and deposition dynamics of Hg (and its isotopes) in short precipitation events. In this study, we investigated Hg
isotopic composition of filtered (Hgg) and particulate Hg (Hgpy) in sequential rain samples from three single rain-
fall events in Guiyang, China. All samples showed a decrease of total Hg concentration, as well as Hgr and Hgpy
with time in each rainfall event, and large variation of both mass-dependent fractionation (MDF) and mass-
independent fractionation of odd Hg isotopes (odd-MIF) for both phases. Isotopic data indicated variable contribu-
tions of different sources triggered by the instant change of meteorological conditions, rather than internal atmo-
spheric processes. The rapid response of MDF and odd-MIF of precipitation samples to the incense burning on the
Tomb Sweeping Day implied that Hg isotopic composition was very sensitive to the momentary anthropogenic
emission, which could have at least a regional short-lived effect and should be taken into account in future studies.
Hg isotopes are a powerful tool for investigating both atmospheric transformation and instant deposition dynamic
of Hg, and like stable H and O isotopes, could provide useful information about local or regional meteorological
changes.
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1. Introduction

Mercury (Hg) is a globally transported contaminant (Giang and Selin,
2015). The atmosphere is both a receptor of naturally and anthropogen-
ically emitted Hg, and a crucial contributing source of Hg in surface eco-
system through both wet (mainly in reactive gaseous Hg (RGM) and
particulate Hg (PHg)) and dry deposition (mainly in PHg and gaseous el-
emental Hg, GEM) (Enrico et al., 2016, 2017; Landing et al., 2010; Lynam
et al., 2014; Marumoto and Matsuyama, 2014; Obrist et al., 2017; Sanei
et al,, 2010; Schroeder and Munthe, 1998). Previous studies have
shown that the majority of atmospheric Hg is transported to the surface
through wet deposition, because RGM and PHg are both prone to scav-
enging (Lynam et al., 2014; Seo et al,, 2012). Inorganic Hg derived from
the atmosphere is converted into methylmercury (MeHg) that impacts
the health of humans and biota (Giang and Selin, 2015; Walters et al.,
2015). Thus, understanding Hg deposition dynamics is important for
deciphering the biogeochemical cycling of Hg in surface terrestrial eco-
systems. Although significant progress has been made on the under-
standing of atmospheric Hg deposition through investigation of Hg
concentration, species and transport models, some aspects of the deposi-
tion flux and dynamics remain unclear (Brunke et al., 2016; Gratz et al.,
2009; Huang et al.,, 2012; Seo et al.,, 2012; White et al,, 2013).

Measurement of Hg isotopes has proven useful for investigating the
transformation and the flux of Hg between different reservoirs (Blum
et al.,, 2014). Recent studies have reported both mass-dependent frac-
tionation of Hg isotopes (MDF, §2°Hg) and mass-independent fraction-
ation of odd Hg isotopes (odd-MIF, A'®*Hg and A*°'Hg) in both natural
samples (sediments, soils, food web and precipitation) (Blum et al.,
2014; Sun et al., 2014, 2016) and in laboratory experiments (Bergquist
and Blum, 2007; Zheng and Hintelmann, 2009, 2010). Odd-MIF is mainly
induced by specific biogeochemical processes, such as divalent Hg
photo-reduction, abiotic dark reduction, MeHg photo-degradation, and
elemental Hg evaporation, and is triggered by either the magnetic iso-
tope effect (MIE) or the nuclear volume effect (NVE) (Bergquist and
Blum, 2007; Blum et al,, 2014; Sun et al.,, 2016; Zheng and Hintelmann,
2009, 2010). Though the exact mechanisms remain unclear, MIF of
even Hg isotopes (even-MIF, A2°°Hg) has also been recently determined
in atmospheric samples or natural materials mainly related to the atmo-
sphere, such as GEM (Demers et al., 2015; Rolison et al., 2013), precipita-
tion Hg (including both RGM and PHg) (Chen et al., 2012; Gratz et al.,
2010; Sherman et al., 2012; Z. Wang et al., 2015; Yuan et al., 2015),
mosses (Cai and Chen, 2016), sediments and soils (Demers et al., 2013;
Gray et al,, 2013, 2015). This renders Hg a unique heavy metal having a
“three-dimensional” isotope system (Cai and Chen, 2016; Chen et al.,
2012).

Hg isotopes have been successfully used to trace atmospheric Hg
sources and transport. The studies on the integrated precipitation sam-
ples (mixing the samples of successive precipitation events over days
or even weeks) from USA showed that Hg isotopic compositions could
serve as an efficient tracer of local and regional emission (Gratz et al.,
2010; Sherman et al., 2012, 2015). Two studies of precipitation in
China and Canada demonstrated that Hg isotopes could be used for
tracking long-range transport as well (Chen et al., 2012; Z. Wang et al.,
2015). Moreover, Hg isotopes could be employed in much more complex
systems for assessing sources or behaviors of its subspecies (Demers
et al., 2013, 2015). Interestingly, even isotope anomaly has been ob-
served in all atmospheric samples and could be used as a conservative
tracer of upper atmosphere chemistry (Cai and Chen, 2016; Chen et al.,
2012, 2016; Demers et al., 2013, 2015; Gratz et al., 2010; Sherman
et al,, 2012, 2015; Z. Wang et al., 2015; Yuan et al., 2015). These studies
demonstrated that both odd-MIF and even-MIF could serve as the Hg de-
position tracer from atmosphere to earth surface.

Due to the need of enough mass of Hg for high-precision isotope
measurement, the precipitation samples investigated in the above stud-
ies are all integrated samples collected from an entire precipitation event
or from multiple events, over a relatively long period. This sampling

scheme obscures some key information about the physiochemical trans-
formation of Hg (and its isotopes) related to the washout curve. For ex-
ample, studies with high frequency sequential sampling has reported
the great variability of Hg concentration in intra-rainfall events (White
et al,, 2009, 2013), which might be caused by the changes of meteorolog-
ical conditions, source contribution and/or other potential factors (White
et al,, 2013). These changes would also induce large variation of isotope
ratios, as demonstrated in previous studies for other stable isotopes (e.g.
§2H-H,0, 5'80-H,0, and 6'°N-NO3) (Coplen et al., 2008; Felix et al.,
2015; Li et al., 2015; Munksgaard et al., 2012). Similarly, in our previous
study, variation of both MDF and MIF of Hg isotopes were also observed
in one single rain event at the Lhasa City on the Tibetan Plateau (Yuan
et al., 2015) that likely resulted from the contribution of variable Hg
sources characterized by different isotopic compositions (Chen et al.,
2012; Gratz et al.,, 2010; Sherman et al., 2012; Z. Wang et al., 2015;
Yuan et al,, 2015). This observation motivated further systematic study
of changes in Hg isotopes during intra-precipitation events and the rela-
tive influence of contributory factors in other geographic regions.

Here, we conducted a systematic study of Hg concentration and iso-
topic variations in sequential samples collected from three intra-
rainfall events at Guiyang City, China. The potential factors causing
these variations were carefully investigated by coupling Hg, oxygen
and hydrogen isotopic signatures, meteorological data, and air-mass
back trajectory calculation. Because the particulate phase could occupy
a large proportion of total Hg (Huang et al., 2012, 2013), we collected
and measured Hg concentrations and isotopic ratios in filtered rainfall
(Hgr) and on particles (Hgpy) separately. Many previous studies investi-
gated bulk unfiltered rainfall only. The specific objectives are 1) to inves-
tigate the variation of Hg concentration and isotopic composition in the
particulate and filtered phases during single rainfall events; 2) to identify
the potential factors controlling these variations; and, 3) to test the pos-
sibility of tracing meteorological changes using Hg isotopes.

2. Materials and methods
2.1. Materials and reagents

All reagents, including HCl, HNOs, KBr, KBrOs, L-cysteine, NH,OH - HCI
and SnCl,, were analytical grade (Sinopharm Chemical Reagent Co., Ltd.,
China) and were prepared in an ultra-clean room at the Institute of Geo-
chemistry, Chinese Academy of Sciences (IGCAS). 18.2 M Milli-Q water
(Millipore, USA) was used for preparation all aqueous solutions. Concen-
trated HCl and HNO3 were double-distilled. A 0.2 M BrCl solution was
prepared by mixing the concentrated HCl with preheated (250 °C,
12 h) KBr and KBrOs; powders. Two SnCl, solutions of 0.20 and
0.03 g/mL were prepared by dissolving the solid in 1 M HCI and were
used for online reduction of Hg during the concentration and isotope
measurement steps, respectively. For neutralizing the excess BrCl, a
0.25 g/mL NH,OH-HCl solution was prepared and bubbled for 6 h with
Hg-free N, to remove trace levels of Hg vapor. The NIST SRM 3133 Hg
and UM-Almadén Hg were used as international standards and mea-
sured regularly to control the accuracy and quality of isotope analysis
(Blum and Bergquist, 2007; Chen et al., 2010), and also served for the
method validation coupling with Yellow-Red Soil GBW07405 (National
Center for Standard Materials, Beijing, China) (Huang et al., 2015). The
NIST SRM 997 thallium solution (20 ng/mL Tl in 3% HNOs3) was used
for instrument mass-bias correction. The anion-exchange resin AG-1X4
(200-400 mesh, Bio-Rad®) was used for pre-concentrating Hg from pre-
cipitation samples (Chen et al., 2010). All vessels were made either of
glass or of Teflon. Borosilicate glass bottles were acid-cleaned by soaking
in 10% HNOs solution for 24 h followed by rinsing three times with Milli-
Q water, then baked for 4 h at 460 °C in a mulffle furnace. The vessels in
Teflon were cleaned similarly and air dried for 24 h in a laminar fume
hood. For rainwater collecting, a 1.2 m x 1.0 m Teflon board (3 mm
thick) was deformed into a “U”-type sampler (surface area of ~0.9 m?)
and fixed through four Nylon sticks at 1.5 m above ground. The rainwater
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was channeled through the slightly inclined sampler into a 5 L glass bea-
ker. The whole sampler system (Teflon board and beaker) was pre-
cleaned by 10% HNOs then with bulk Milli-Q water just before each
event and had a blank <15 pg (n = 8).

2.2. Field setting and sample collection

In this work we investigated the variation of Hg isotope composition,
and the relative influence of controlling factors on sequential precipita-
tion samples collected in Guiyang (China). Guiyang is located on the
Chinese Yunnan-Guizhou Plateau, an important Hg emission area,
where a large amount of coal is consumed by industrial and domestic
heating (Fu et al., 2011; Z. Wang et al., 2015). Guiyang has a city popu-
lation of about 4.7 million in 2013 and a typical subtropical humid mon-
soon climate (generally from May to October). The annual precipitation
depth, temperature and relative humidity (RH) in Guiyang are
1100-1400 mm, 15.3 °C and approximately 77%, respectively (Feng
et al., 2011). Recently, the region has been experiencing dramatic ur-
banization and industrialization with increasing demand for coal and
cement (Fu et al., 2011; N. Liu et al., 2011), adding much more Hg to
the atmospheric burden.

The sampling site is shown in Fig. S1. The rain samples were collected
on an open-air grass field at the Institute of Geochemistry, Chinese
Academy of Sciences (IGCAS, 26.35°N, 106.73°E, 1080 m a.s.l.) using
the “U”-type Teflon sampler. The rainwater was sequentially collected
from three rain events (hereinafter marked as E1, E2 and E3). For com-
parison, single composite integrated samples (marked as Os, in
Table 1) were collected from six other rain events.

2.3. Sample processing

Following collection, the rain water was immediately filtered using a
pre-cleaned high borosilicate glass cone-shaped filtration device (2 L)
with 0.45 um mixed cellulose membrane. The blank of the filtration sys-
tem was 9 pg Hg (n = 7). The first ~50 mL of filtered samples was
discarded. After filtration, the particles on the membranes were stored
frozen at — 20 °C, and the filtered water samples were acidified with
HCl to 0.1 M, then digested with 0.2 M BrCl and stored at 4 °C. The pre-
concentration of Hg filtered from the rain water samples was conducted
following the protocol developed by Chen et al. (2010). The pre-
concentration method was checked again using NIST SRM 3133 Hg and
UM-Almadén Hg, and showed a recovery of 99-101% (n = 11) with no
Hg isotopic fractionation. Finally, Hg was eluted with 5 ml 0.05% L-
cysteine in 0.5 M HNOs. The Hg elution solution was digested again
with BrCl for at least 12 h to consume the residual L-cysteine. Samples
were sealed and stored at 4 °C until analysis. The NH,OH-HCl solution
was added just before the Hg isotope ratio determination (Chen et al.,
2010). The average process blank was average 80 pg (n = 9).

For particulate Hg, the freeze-dried particles (bound to the filter
membranes) were digested with a fresh mixture of HNO3-HCI (1:3,
V/V) in a water bath (95 °C) for 3 h (Huang et al., 2015). After cooling
to ambient temperature, the digested samples were treated with
0.2 M BrCl (5% v/v) for at least 12 h, and then centrifuged at
4000 rpm for 15 min to separate solid residue from the solution.
Next, the supernatant was transferred to a pre-cleaned glass vessel
and diluted to 20% with Milli-Q water. Finally, the remaining BrCl
was neutralized with NH,OH-HCI before the Hg isotope ratio mea-
surement (Huang et al., 2015). The average blank for this digestion
was average 30 pg (n = 7), negligible compared to Hg mass needed
(>5 ng) for isotope measurement.

2.4. Concentration and isotope analysis
Cold vapor atomic fluorescence spectroscopy (CVAFS, Tekran 2500,

Tekran® Instruments Corporation, CA) was used to measure filtered
Hg concentrations of the precipitation samples following the U.S. EPA

Table 1

Hg concentrations and Hg isotopic composition for rainwater samples of rainfall events in Guiyang, China (the event E1, E2 and E3 are intra-precipitation samples; others events are integrated samples).
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Method 1631 (EPA, 2002). Hg concentrations measured on CVAFS and
MC-ICP-MS showed no statistic difference (r?> = 0.894; p < 0.01) from
those measured on MC-ICP-MS after chromatographic pre-
concentration (Fig. S2). For the particulate phase Hg, the concentrations
and isotopic compositions were determined by MC-ICP-MS. The stable
hydrogen and oxygen isotope analysis were completed on a Los Gatos
Research liquid water isotope analyzer (LWIA DLT-100, LGR, USA).
Final results were expressed in %. relative to the Vienna Standard
Mean Ocean Water (V-SMOW) value (Craig, 1961), with the measure-
ment accuracy of 4 0.5%. for 5*°H and + 0.2%. for 5'%0.

Hg isotope ratios of both Hgr and Hgpy; were determined by MC-ICP-
MS (Nu Instruments Ltd., UK) at the IGCAS, following previously report-
ed methods (Blum and Bergquist, 2007; Chen et al., 2010; Lin et al.,
2015). Instrumental bias was corrected using the addition of an internal
standard (NIST SRM 997 with 2°°T1/2°3TI ratio of about 2.38714) and
sample-standard bracketing (SSB). Analysis was run at 1-3 ng/mL Hg,
depending on available Hg mass (sample size), and standard concentra-
tions were matched to that of samples (within 5%). The 2°’Hg signal was
approximately 2 V for 2 ng/mL Hg. The MDF Hg isotopes ratios were de-
fined by the following equation (§*Hg in %.) (Blum and Bergquist, 2007):

(%)
~SJsample 4| 1000 (1)

XHg
IBSHg std

where x = 199, 200, 201, 202, “std” was NIST SRM 3133 Hg solution. MIF
of Hg isotopes was defined as the difference between the measured 6*Hg
and the theoretically predicted MDF, and was expressed as capital delta
notation according to following equations (Blum and Bergquist, 2007):

&*Hg =

A'®Hg = §'%Hg — 0.252 x §°%Hg (2)
A?Hg = 520Hg—0.502 x §°%Hg (3)
A¥'Hg = §%°"Hg — 0.752 x 6*?Hg (4)

Our repeated measurements of the standard UM-Almadén Hg were
in accordance with the previous studies (Blum and Bergquist, 2007) and
gave long-term average values of —0.56 + 0.12%., —0.02 + 0.07%.,
0.01 =+ 0.06%. and —0.04 =+ 0.06%. (n = 42, 2sd) for §°°>Hg, A'%°Hg,
A?°°Hg and A?°'Hg, respectively. The 2sd values of UM-Almadén Hg
measurement were considered as the typical external uncertainties for
our samples that were measured only once due to the limited sample
volume and Hg mass.

2.5. Meteorological data analyses

In addition to Hg concentrations and isotope ratios, we explored the
meteorological data from the three rainfall events. Surface meteorologi-
cal data including the synoptic scale meteorological evaluation (frontal
systems, surface-wind directions and speed, temperature, radiation in-
tensity and relative humidity, etc.) were obtained from the Meteorolog-
ical Information Center of Guizhou, a national weather observatory
located approximately 500 m north of the rain sampling site. The
cloud-top heights were where the relative air humidity was lower than
85% detected by a sensor equipped on a rising weather balloon at 7 am
and 5 pm (local time, LT) every day. HYSPLIT back trajectories (available
online: http://ready.arl.noaa.gov/HYSPLIT.php) were calculated every
6 h starting at different heights (Chen et al., 2012; Jaffe et al., 2005).
The heights of 500 m and 1000 m above ground level (AGL) were partic-
ularly useful for modeling the vertical movements of air masses in the at-
mosphere boundary layer (ABL, generally <1000 m), where pollutants
released by human activities mainly resided and accumulated. The
height of lower than the cloud-top was used for calculating the pathway
of the long-term transported air masses.

3. Results

Table 1 showed the data set of sampling information, Hg concentra-
tions and isotopic compositions of all rain waters in Guiyang. Except for
four samples of E3 collected in the late afternoon during the June mon-
soon period, the other rainwaters were sampled in the night of non-
monsoon season (October to April) when the ABL is relatively shallow
(Fu et al.,, 2011). The special sampling period and precipitation depth
were also gathered in Table 1. Cloud top (see discussion below) and
the meteorological data were in Table S1. The measured stable oxygen
and hydrogen isotopes in rainwater converge on the reference line de-
fined by the data from the Global Network of Isotopes in Precipitation
(GNIP) station in Guiyang (Fig. S3).

3.1. Concentration and isotopic composition of filtered Hg in precipitation

Filtered Hg concentrations in all wet precipitation samples varied
from 3.9 ng/L to 31.1 ng/L (average 13.1 ng/L), and was consistent with
the data previously reported in this region (J. Liu et al., 2011; Z. Wang
et al., 2015) and some North America regions (such as Illinois and Flori-
da) (Lynam et al., 2014; Sherman et al., 2012). However, the values were
lower than those of Chinese megacities, such as Shanghai (>40 ng/L)
(Zhang et al., 2010), and higher than the background regions in China
(average < 3 ng/L) (Huang et al., 2012; Zhou et al., 2013).

Isotopically, Hgy in precipitation generally displayed negative 5*°?Hg
of —2.21%. to — 0.25%., with the highest value of —0.25%, for Os-R1, and
the lowest value of —2.21%. for E2-R3 (Figs. 1 and 2, Table 1). All these
§2°2Hg values were encompassed by those reported in our previous
study for the same place (Z. Wang et al., 2015). The studies from other
places worldwide have also reported negative §2°?Hg, such as Lhasa in
China (—0.80%. to —0.42%.) (Yuan et al., 2015), and Peterborough
(—1.59%0 to —0.02%o), Florida (—4.37%. to 0.21%.) and the Great Lake
region (— 1.13%. to 0.18%.) in the North America (Chen et al., 2012;
Gratz et al., 2010; Sherman et al., 2012, 2015). In contrast to °°*Hg
used as an indicator of MDF, Hgr: had significantly positive A'°Hg, rang-
ing from 0.22%. to 0.81%. (with average 0.46%.), similar to those report-
ed for precipitation from Lhasa, China (0.38%. to 0.76%.) (Yuan et al.,
2015), and in the North America (—0.87%. to 1.13%.) (Chen et al.,
2012; Gratz et al.,, 2010; Sherman et al., 2012, 2015). Similar to data re-
ported in previous studies (Chen et al, 2012; Gratz et al., 2010;
Sherman et al., 2012; Z. Wang et al., 2015; Yuan et al., 2015), A'%°Hg
and A?°'Hg of the filtered Hg plot along the 1:1 line, similar to that de-
fined by Hg(Il) photo-reduction (Fig. 3). Slightly positive A>°°Hg (from
0.03% to 0.13%., average 0.07 + 0.07%o, 2sd) was detected in all Hgg of
precipitation samples.

3.2. Hg concentration and isotopic composition in the particulate phase

Particles in the E1 samples showed similar Hg concentrations (aver-
age 10.9 ng/L) to those of Hgr within the same sample; however, E2 and
E3 particles were lower (from 5.5 to 23.7 ng/L for E2 and from 1.0 to
2.9 ng/L for E3) (Table 1; Fig. 1). Thus, total Hg concentrations (Hgr,
the sum of Hgr and Hgpyy) ranged from 5.1-54.8 ng/L for all samples,
with the average value of 21.1 ng/L. All precipitation samples displayed
a decrease of Hg concentrations (Hgr, Hgpy and Hgr) with precipitation
depth (Fig. S4), similar to previous studies (Sherman et al., 2012; White
et al,, 2013). A general phenomenon was that, for all samples, the total
Hg concentrations (and Hgg) decreased progressively from the begin-
ning to the end of each precipitation event (Fig. 1).

All Hgpy, displayed a *°?Hg range from — 2.52%. (E2-R1) to — 0.58%
(E1-R3), with an average value of — 1.51%. (Table 1). Except for the inte-
grated samples Os-R5 (6°°°Hg of —0.91%.), all Hgpy has more negative
522Hg than those of Hgr from the same samples. Though most Hgpy, (ex-
cept for Os-R5 with a negative value of —0.10%.) displayed positive
A'™%Hg (from — 0.10%. to 0.40%., average of 0.16%.), they were compar-
atively lower than those of Hgg (Fig. S5). Similar to Hgg, all Hgpy data
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Fig. 1. Stacked graphs showing the variation of Hg concentrations, 5>°?Hgy, 52°2Hgpy, A'°Hgr and A'%Hgpy; in the three rainfall events with sampling time.

points were plotted along the line A'®*Hg/A?°'Hg = 1 (Fig. 3), and were
characterized by slightly positive A>*°Hg (from 0.02%. to 0.16%o, average
0.08 4 0.08%o, 2sd).

4. Discussion
4.1. Potential factors controlling the variation of Hg isotopes

Previous studies showed that the atmospheric processes that oc-
curred in the local ABL would have a limited effect on Hg isotopes
(Chen et al., 2012; Demers et al., 2015; Gratz et al., 2010; Sherman
et al,, 2012; Z. Wang et al., 2015). This would also hold for this study.
In fact, the A'*°Hg/A?°'Hg ratio close to 1 would suggest that the odd-

MIF of Hg in Guiyang precipitation has a photo-reduction origin. Al-
though the occurrence of pervasive atmospheric Hg oxidation in Guiyang
ABL remained unclear, the fact that all samples showed much lower
A'Hg/A?°'Hg (about 1.0) than that reported for gas-phase oxidation
of GEM by halogen atoms (between 1.64 and 1.89) (Sun et al., 2016)
probably indicated the limited effect of this process. In addition, isotopic
fractionation triggered by adsorption (Wiederhold et al., 2010) and diffu-
sion (Koster van Groos et al., 2013) would only result in slight odd-MIF
(generally <0.10%.). Therefore, the variation of Hg isotopes, especially
the significant positive odd-MIF in our sequential rain samples, should
be derived from different Hg sources. Such conclusion was obtained in
most previous studies of Hg systematics in precipitation (Chen et al.,
2012; Demers et al., 2013; Donovan et al., 2013; Gratz et al., 2010;
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Fig. 2. Relationship between odd-MIF and MDF of Hg isotopes in precipitation. The
variation range of Hg isotopic data for precipitation reported in the previous study this
region (gray dash line, Z. Wang et al., 2015), local anthropogenic emissions (average +
1sd, including coal combustion and cement plant emission, Biswas et al., 2008; Sun
et al, 2014; Yin et al,, 2014), biomass worldwide (average + 1sd, Das et al., 2015;
Demers et al., 2013; Tsui et al., 2012; Yin et al., 2013; Yu et al., 2016) and local aerosols
(Huang et al., 2015) were also given.

Sherman et al., 2012, 2015; Z. Wang et al.,, 2015; Yuan et al.,, 2015). Our
study of precipitation in an individual rainfall event from the Lhasa City
on the Tibetan Plateau showed that contributions of different sources
could result in large variations of both §2°?Hg and A'9°Hg, too (Yuan
et al,, 2015). Here, we tested if changes of source contributions could
eventually trigger also variation of Hg isotopic composition in sequential
rainfall samples in Guiyang, by coupling the meteorological data with Hg,
0 and H isotope ratios, especially d-excess (d-excess = 6°H — 8 x 6'%0).
The d-excess was largely controlled by temperature and relative humid-
ity and thus can used to trace the moisture's source (Keil et al., 2010),
with for example the low d-excess value for marine evaporation mois-
ture, whereas high values for moisture derived from in-land dry areas
(Keil et al., 2010).
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Fig. 3. 0dd-MIF of Hg isotopes in all precipitation samples.

4.1.1. Local anthropogenic Hg contribution

Atmospheric precipitation Hg could be significantly impacted by local
anthropogenic emission. Previous literature has reported the distribu-
tion of industrial Hg emitters in Guiyang (Fu et al., 2011; Zhang et al.,
2015). Coal fire power plants (CFPPs) and cement plants are dominant
point sources of the region, together with some non-ferrous metal
smelting and other industrial factories (Z. Wang et al., 2015). It's worth
mentioning that >90% of Hg in raw materials consumed by cement
plants are emitted and accumulated in ABL, with major species as
Hg(II) that could account for 61%-91% of the total Hg in flue gas (Wang
et al.,, 2014; Z. Wang et al.,, 2015). This locally released Hg(Il) in ABL
could have an impact on Hg budget in wet deposition (Fu et al., 2011;
Zhang et al., 2015), since it could be easily scavenged into rain water
droplets or particles and scavenged below-cloud (Huang et al., 2013;
Poissant and Pilote, 1998; Sherman et al., 2012; White et al., 2013;
Yuan et al,, 2015). Thus, the relatively higher Hg content (compared to
the background atmosphere), especially that found at the beginning of
precipitation events, could be from local source contribution.

Hydrogen and oxygen isotopic data of rain samples further confirmed
the important contribution from local emitted Hg. First, the relatively
higher 6'80 and d-excess in E1 and E2 indicated a provenance of inland,
rather than an oceanic origin (e.g. South China Sea through southeast
Asian monsoon or Indian Sea through western monsoon, respectively)
(Celle-Jeanton et al., 2004). NOAA-HYSPLIT back-trajectory model also
showed that the air mass (below ABL) had a relative long residence
time on land before arriving in Guiyang. Moreover, the similarity of
MDF Hg isotope ratios between local emission sources (e.g. CFPPs and ce-
ment plants, — 1.46%. ~— 1.33%.) and rainfall samples (especially E1 and
E3) also confirmed the strong anthropogenic contribution, as discussed
in previous studies (Sun et al., 2014; Z. Wang et al., 2015). However,
the very high A'®°Hgg in some Guiyang rain samples (E1-R1 and Os-
R1) cannot be explained by local Hg emission that had close to zero
odd-MIF (Sun et al.,, 2014; Z. Wang et al., 2015), another end member
of long-range transportation, which usually has higher A'**Hg (Chen
et al.,, 2012; Demers et al.,, 2015; Z. Wang et al., 2015; Yuan et al,,
2015), is needed to explain all data distribution.

4.1.2. Long-range transport Hg

Long-range transport could also be important sources to precipitation
Hg in Guiyang. This Hg may be derived from both natural and anthropo-
genic sources and be derived from the free troposphere. For example,
previous research showed that up to 60% of Hg in rainwater deposited
to the surface in western US originated from the upper atmosphere
(>2 km, above ABL) (Gratz et al., 2015; Nair et al., 2013; Weiss-Penzias
et al,, 2009). Long-range transported Hg has been generally character-
ized by higher A'®°Hg values than local emissions (Chen et al., 2012;
Demers et al.,, 2015; Z. Wang et al., 2015; Yuan et al., 2015). This Hg
could be leached by in-cloud scavenging, which might result in more
positive odd-MIF in precipitation samples. In March and April, Guiyang
region was dominated by western wind, while the rainy season from
May to September is mainly controlled by the Southeast Asia monsoon,
indicating westerly (Tibetan plateau) and southeastern contribution as
possible long-term sources to Hg. In fact, E3 samples had relatively
lower 6'80, which could result from gradual rainout during long-
distance transportation, and d-excess values, also confirming the contri-
bution of the long-range transported moisture (Dansgaard, 1964;
Munksgaard et al.,, 2012). The odd-MIF (average A'®’Hg = 0.83 +
0.60%., 2sd) in Guiyang rain samples in the dry season (from October
to April) was more positive than in the wet season (average A'%Hg =
0.44 + 0.33%., 2sd) which might result from the strong contribution of
the long-range transport Hg from the west (having more positive
A'%Hg values) (Z. Wang et al., 2015). Furthermore, the NOAA-HYSPLIT
calculation above ABL confirmed that the Hg budget could be influenced
by air masses derived from long distance, even as far as from northern
India or Southeast Asia, as demonstrated by our previous study (Z.
Wang et al., 2015).
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4.2. Isotopic composition of filtered Hg in rainwater

In the following, we mainly discussed the factors triggering the isoto-
pic variation of Hgr in sequential samples of three individual rainfall
events (E1, E2 and E3); That is the local meteorological or source changes
that could play an important role in the variations of Hg concentration,
and even isotopic composition during the intra-precipitation. Previous
work showed that even a small change in surface wind direction and
speed could result in significant change of Hg concentrations in precipi-
tation (White et al., 2013). Thus, one could expect that variable contribu-
tions from different sources with regard to the changing meteorological
condition would induce significant Hg isotope variation even in a relative
short period (Yuan et al.,, 2015).

4.2.1. Event 1

Rainfall event 1 locally started at 21:20 30th March and ended at
03:00 31st March (48 G.M.T.), 2014. Rain waters were collected in dry
season (March and April) in Guiyang. Though Hg; concentrations of all
three events decreased progressively with time, the three E1 samples
(E1-R1, E1-R2 and E1-R3) showed the smallest variation range (from
13.0 to 10.9 ng/L) compared to the two others events (E2 and E3)
(Fig. 1). However, amongst these three events, E1 samples displayed
the largest variation of both MDF and odd-MIF, with §2°*Hg values in-
creasing with time (from — 0.84%. for E1-R1 to — 0.44%. for E1-R3),
while the odd-MIF values decreased.

Previous studies showed that, though long-range transported and lo-
cally emitted Hg both would possess large variation range of MDF (from
—4.37%0 to 0.21%,), the long-range transported Hg had generally higher
odd-MIF compared to the local anthropogenic emission (Chen et al.,
2012; Gratz et al.,, 2010; Sherman et al.,, 2015; Sherman et al., 2012; Z.
Wang et al,, 2015; Yuan et al., 2015). Of the three samples, the first rain-
water (E1-R1) was characterized by the most positive odd-MIF. Accord-
ing to the meteorological information, a stationary cold front covered
Guiyang City during the sampling period. The air mass back trajectory
calculation showed that the warm and humid air arrived at moderately
high altitude (below 2600 a.s.l, Fig. S6). The rainfall of E1 event was as-
sociated with movement of a cold front across the area, with 10.7 mm
depth in about 6 h (from 21:00, 30 March, LT to 03:00 next day). The in-
corporation of long-range transported Hg with higher A'Hg (up to
1.57%. from western monsoon; Z. Wang et al., 2015) by water droplets
condensed intensively at the beginning of E1 event which explained
the most positive odd-MIF (and high Hg content) found in the E1-R1
sample. The relatively high 5'20 values (between —4.55%. to — 3.34%o,
Table 1) and d-excess (21.68%.) also suggested a large contribution of
long-range transported air mass at the beginning of the E1 event
(Celle-Jeanton et al., 2004). Although local emission by human typically
has higher concentration than long-range transport (Fu et al., 2011),
the fact that rainfall events occurred before the E1 event would have
leached much more locally emitted Hg, leading to a decrease of anthro-
pogenic Hg in ABL (Seo et al., 2012). This would result in removal of lo-
cally emitted Hg with lower A'®Hg. Another explanation could be a
downward humidity gradient in-between the warm and humid cloud
on the top and the dry and cold air mass beneath would result in possible
evaporation of water vapors during the fall of droplets (Table S1), which
again favored the slightly higher Hg concentration for the first sample
E1-R1.

At the middle and end of the rainfall event (samples E1-R2 and E1-
R3), the stationary front became stronger, the shear line moved south-
ward and the precipitation rate decreased with time. A cold air mass
moved in (Table S1), and Hg concentration and odd-MIF of samples
E1-R2 and E1-R3 decreased, but 6°°?Hg increased (Fig. 1 and Table 1).
The Hg concentration decrease could be due to scavenging of Hg from
the air during initial rainfall (Yuan et al., 2015; Sherman et al., 2012).
This also resulted in removal of the component of Hg derived from
long range transport and decrease of A'Hg caused by the increasing
contribution of local emission which occupied higher proportion than

long range transport Hg and generally displayed lower odd-MIF (Z.
Wang et al., 2015). Precipitation at the end of the event scavenged
local Hg resulting in lower odd-MIF. In addition, the long distance that
water droplets traveled (higher cloud altitude of 5800 m a.s.l.) down to
surface allowed for incorporating much more anthropogenic Hg by
below-cloud scavenging, explaining the §2°?Hg variation in the case of
continuous supply of industrial emission. In fact, local emission may
have relatively heavier isotopes (*°?Hg) than those of long-range trans-
portation (Chen et al,, 2012; Gratz et al., 2010; Yuan et al., 2015). For ex-
ample, higher 62>Hg in local emission was observed relative to the long-
range transportation Hg in North America (Chen et al,, 2012). Finally, the
quasi-constant high 6'20 values (between — 4.55%. to — 3.34%., Table 1)
indicated a continuous supply of long-range transportations with drop-
lets in clouds for the E1 event (Celle-Jeanton et al., 2004). This might ex-
plain the relatively higher A'**Hg determined in all three E1 samples
compared to samples of two other events (Table 1, Fig. 2).

4.2.2. Event 2

The rainfall event E2 started at 22:15 5th April and ended at 02:00 6th
April (+8 G.M.T.), 2014. In three samples of E2, the Hgr concentrations
(13.6 to 31.1 ng/L) were much higher than that of E1 and E3, and decreased
progressively with time. These three samples displayed quasi-constant
5292Hg values (from —2.21%. to — 2.00%.) and odd-MIF (A'*°Hg from
0.26%. to 0.40%.), both relatively lower than the samples of E1 and E3.

Mercury in samples of event E2 could not be directly derived from
local sources or long-range transport, since the local anthropogenic
emission (62°?Hg of — 1.46%. to —1.33%., A'°Hg close to 0) from
CFPPs and cement plants and long-range transported Hg (positive
A'"Hg) showed very different MDF and odd-MIF, respectively (Z.
Wang et al., 2015). Besides, much more positive 6'80 (—3.71%. to
—3.00%.) values and high d-excess (17.44%. to 21.15%.) could suggest
an inland origin of atmospheric moisture. The fact that all E2 samples
contained much higher Hg concentration would thus likely suggest an-
other contributing source.

The sampling day, 5 April, was the traditional Tomb Sweeping Day in
China, when every family would commemorate and honor recently de-
ceased relatives or distant ancestors, by burning incense (both joss sticks
and joss paper, with joss paper taking the large proportions) (Fang et al.,
2002). The incense was mainly made from plants, such as bark, roots,
and other auxiliary materials (Wang et al., 2007). The combustion of
these materials could emit a large amount of Hg into atmosphere, in
the form of either GEM or oxide form Hg(II) (Nzihou and Stanmore,
2013; Shen et al., 2017), being a potential source to Hg in all E2 event.

Isotopically, all E2 samples displayed 62°?Hg value of —2.21%. to
—2.00%., consistent with data prior reported for biomass samples
(average 82%?Hg = —2.22 4+ 2.01%., 2sd, n = 169) (Das et al.,
2015; Demers et al., 2013; Tsui et al., 2012; Yin et al., 2013; Yu
etal., 2016). Thus, the biomass (incense) combustion may be a po-
tential contributor. Although the joss sticks from Guiyang showed
the similar 62°?Hg (average —2.24 + 0.37%., n = 2, 2sd) with veg-
etation samples (Das et al., 2015; Demers et al., 2013; Tsui et al.,
2012; Yin et al., 2013; Yu et al., 2016) and E2 rain samples
(Tables 1 and 2), burning of the joss sticks could not explain the
high Hg concentrations (thus large amount) of event E2, as they
represented very smaller proportion of incense. Moreover, the
negative A'®°Hg value of the joss sticks (A'%°Hg = —0.24 +
0.06%., n = 2, 2sd) could not endorse the positive odd-MIF of
event E2 either. Thus, the combustion of joss papers, rather than
joss sticks, would be the dominant contributor to Hg in E2 event.

In order to verify the exact contribution of Hg released from the joss
paper, we conducted a simple combustion experiment of joss paper in an
open system (see detail in SI). The average Hg isotopic ratios of raw joss
papers and its ash residue (n = 4) were —0.70 + 0.12%. and 0.11 +
0.33% for §2°?Hg (2sd) and 0.07 & 0.06%. and —0.05 =+ 0.03%, for
A'"Hg (2sd), respectively. Unfortunately, the mass balance (and thus
the isotopic composition of emitted Hg subspecies) could not be
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Table 2

Hg isotope results of the simple joss paper burning experiment and the summary of Hg isotope data previously reported for biomass, coals and cement plant emission.

Samples Samples ID 5292Hg (%o) A"°Hg (%) A?%Hg (%) A?Hg (%o)
Joss stick GI-1 —2.12 —0.22 0.12 —0.21

GI-2 —2.36 —0.27 0.02 —0.15
Joss paper PAH-1 —0.69 0.03 —0.01 —0.08

PAH-2 —0.78 0.05 0.07 —0.08

PBH-1 —0.69 0.01 0.04 —0.07

PBH-2 —0.64 0.19 0.19 0.13
Joss paper ash AH-1 —0.25 —0.07 0.07 —0.07

AH-2 —0.23 —0.05 0.06 —0.05

AH-3 —0.07 —0.06 0.07 —0.11

AH-4 0.10 —0.04 0.03 —0.07
Biomass (2sd, n = 30)? —2.22 4+ 2.01 —0.37 £ 045 0.01 + 0.15 —0.40 + 047
Coal from Guizhou (2sd n = 14)® —127 4+ 135 0.03 +0.19 0.01 4 0.08 —0.01 +0.14
Cement plant emission® —1.33 —0.06 / —0.05

2 (Das et al., 2015; Demers et al,, 2013; Tsui et al., 2012; Yin et al,, 2013; Yu et al., 2016).
b (Biswas et al., 2008; Sun et al., 2014; Yin et al., 2014).
¢ (Z.Wang et al, 2015).

calculated due to the lack of the emitted material mass and instanta-
neous weather condition for the combustion experiment. However, ac-
cording to the Hg isotopic composition of above raw joss paper and its
ash residue, the isotopic composition of bulk emitted Hg mixture (i.e.
GEM, Hg(Il)p and PBM) could be approximately estimated, and should
be characterized by much lower 6?°?Hg and similar or slightly higher
A'%Hg (Fig. 4). Previous work on coal combustion reported that the ox-
idized forms of emitted Hg (Hg(Il)p and PBM) were generally depleted in
heavier Hg isotopes relative to GEM (Sun et al.,, 2014). If this also holds
for joss paper burning, the Hg(II)p and PBM of emitted Hg should be
characterized by even more negative MDF. These Hg isotope data (both
MDF and odd-MIF) of joss paper burning emission were consistent
with those determined in our event E2 samples. Therefore, the emitted
Hg(Il) from the incense burning in Tomb Sweeping Day contributed to
the observed Hg concentrations in event E2 rain waters. Though the con-
tribution of spring biomass burning in the Indo-China Peninsula through
trans-boundary transport could not be excluded (X. Wang et al., 2015),
given the dominant western wind of the sampling period for Guiyang
City, this contribution would be limited.

It should be mentioned here that the raw joss paper displayed rela-
tively higher A'®°Hg values (average 0.07 =+ 0.16%o, 2sd, n = 4) com-
pared to the odd-MIF data reported for biomass materials worldwide
(average —0.37 4+ 0.45%, 2sd, n = 169) (Das et al., 2015; Demers
et al., 2013; Tsui et al., 2012; Yin et al., 2013; Yu et al,, 2016). Though
the exact mechanism inducing this difference remained unknown, the
fact that some auxiliary materials (i.e. resins, essential oils and synthetic
substitute chemicals) (Jetter et al., 2002) would be added during the Joss
paper production could be a possible cause.
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Fig. 4. Figure illustrating the result of the simple incense paper burning experiment. The
relative lower A'°Hg but higher 6?°?Hg in the remained ash compared to the bulk
incense paper would imply contrasting Hg isotopic compositions (higher A'*°Hg while
lower §2°?Hg) for the emitted Hg, which could be largely captured by local precipitation.

Unlike the two other events E1 and E3, E2 samples displayed the low-
est MDF and odd-MIF variation (Table 1 and Fig. 1). This could be prob-
ably explained by the strong contribution of local incense combustion in
this special day. The incense burning scenario lasted for several hours in
the evening, and the large emission of Hg (mainly Hg(Il)) that accumu-
lated in the ABL layer could be readily scavenged into water droplets
and deposited through rainfall to the surface. The large input of Hg
from the local incense combustion reacted as the dominant source, and
thus totally buffered the contribution of other sources, especially the
long-range transport with low Hg content, explaining the quasi-
constant Hg isotope ratios. The highest Hg concentrations determined
in all three E2 samples supports the suggestion that incense combustion
was the dominant Hg source. Accordingly, other rain samples (Os-R1 to
0s-R6; Table 1) collected before and after this event had more positive
odd-MIF, confirming the “buffer effect” derived from the incense com-
bustion, which further verified the above hypothesis in return. During
the whole E2 event, the decrease of Hgr to the end might imply a decline
of this local contribution, due to for example the concomitant ease of in-
cense combustion activity.

4.2.3. Event 3

The event 3 locally started at 18:25 and ended at 19:38 28th June
(48 G.M.T.), 2014, during the monsoon period in Guiyang. This was a
relatively heavy rain with the precipitation depth up to 26.5 mm in
only 73 min, and thus much greater precipitation rates (between 14.9
to 35.9 mm/h) than the other rainfall events (<10.0 mm/h). In spite of
the lower Hg concentration in this event likely caused by the frequent
wet scavenging in the rainy season, the Hg deposition flux of E3
(187 ng/m?) was comparable to E1 (129 ng/m?) and E2 (178 ng/m?),
due to the large amount of rainwater. Hg concentrations also decreased
progressively similarly to the above two events. The four E3 samples
displayed small variation of both MDF and odd-MIF, with negative
§292Hgg values (from — 1.37%. to —0.97%.) but positive A'°Hg. (from
0.22%o0 to 0.41%.). From the beginning to the end of E3 rainfall, the
odd-MIF showed a general decrease as E1, while 62°?Hg increased.

This similarity of 52°’Hg between rain samples and local Hg sources
(—1.46%. ~— 1.33%., Z. Wang et al., 2015) suggested the contribution
of local Hg emission to this event as well. However, the local anthropo-
genic source generally characterized by insignificant odd-MIF could not
explain the positive A'®°Hg; in event E3. Thus, another contribution
with higher A"°Hg was needed to explain this result. E3 samples were
collected during the Southeast Asian monsoon season (June) in Guiyang,
the more negative 630 and lower d-excess (weighted average —9.56%o
and 9.78%., respectively) might indicate a marine provenance, such as
the Southern Ocean for the atmospheric moisture (Munksgaard et al.,
2012). Thus the southern long-term transport with higher odd-MIF
would be a possible source. This was also confirmed by the HYSPLIT
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back trajectory calculation (Fig. S8). Our previous study on Guiyang pre-
cipitation captured this southern long-range contribution too (Z. Wang
et al., 2015). Therefore, both local Hg emission and southern long-
range transport could both contribute to Hg in event E3 rain.

The E3 samples were collected during the Southeast Asian monsoon,
when southern warm and wet air dominated the Guiyang region. Simi-
larly to E1, the rainfall of event E3 was a strong frontal system with a
large number of warm droplets on the top of the locally derived cool
air mass. Considering the large amount of rainwater (26.5 mm precipita-
tion in only 73 min), the relatively lower Hg content for all E3 samples
would indicate a dilution effect, which further lead to the decrease of
Hg concentration with time (Fig. 1). At the beginning stage, the southern
long-range transported warm droplets would largely condense on the
warm-cool front in a very short time, promoting the large or even dom-
inated contribution of long-range transported Hg. This explained the rel-
atively higher A'Hg of 0.41%. for the first E3-R1 sample. Thereafter, the
proportion of anthropogenic Hg would increase, along with the continu-
ous emission of anthropogenic Hg (with higher §2°°Hg but lower
A"Hgy; see Z. Wang et al., 2015) into AGL, which would induce an in-
crease in rainwater of 2°?Hgy, but a decrease of odd-MIF at the middle
and later stages of E3.

In conclusion, in addition to the general local anthropogenic sources
(i.e. CFPPs and cement plants) and western and southern long-range
transport previously determined by our group (Z. Wang et al., 2015),
the specific incense combustion on the traditional Chinese Tomb Sweep-
ing Day was also an important occasional contributing source, especially
for Hg in the E2 rainfall samples. The different Hg isotope variations of
these three independent rainfall events likely resulted from the variable
contributions of various sources with different isotopic signatures, also
influenced by change of meteorological conditions. This change might
be achieved in a very short time period (hours or even minutes),
resulting in a large variation of Hg isotopic composition during the single
rainfall event. Our results also showed that rainfall Hg was indeed very
sensitive to the change of source contribution, as the Hg isotopic signa-
ture of the occasional incense burning could be immediately captured
in local precipitation.

4.3. Isotopic composition of particulate hg in rainwater

This study reported, for the first time, Hg isotopic composition of par-
ticles concomitantly collected and separated from precipitation samples.
Although the particulate Hg (Hgpy) had Hg concentrations (average
8.3 ng/L) relatively lower than the filtered Hg (Hgg) of the same sample,
its average proportion to THg was 33.8% (ranging from 11.2% to 49.3%),
demonstrating that a significant amount of Hg in precipitation was in
particulate form. The average concentration value was comparable
with precipitation of most urban areas globally (Huang et al., 2013;
Schroeder and Munthe, 1998), in contrast to the arid regions such as Ti-
betan Plateau where Hgpy made up >70% of the precipitation THg on av-
erage (Huang et al., 2012, 2013). In general, Hgpy was characterized by
Hg isotopic compositions statistically different (p < 0.01 for both 6>>Hg
and A'%°Hg) from the filtered phase, with 2°?Hgpy (average —1.51 +
1.30%o, 2sd) and A'®°Hgpy; (average 0.16 & 0.27%., 2sd) lower than
those of Hgg (average 6*?Hg = —1.19 £ 1.10%,, A!°°Hg = 0.46 +
0.37%., 2sd, respectively). These values were consistent with the data
previously reported for the PBM in Guiyang (average 6°“?Hg = —0.85
+ 1.10%. and average A'%°Hg = 0.04 + 0.11%., 2sd, n = 41) (Huang
et al., 2015; Yu et al., 2016), except for event E2. Large variations of
both MDF and odd-MIF of Hg isotopes were also found for the single
rain events with the largest 6°°?Hg variation of 0.49%. for E1, and
A'®°Hg of 0.26%. for E3.

Mercury would exist mainly in Hg(II) form in both filtered and partic-
ulate phases in precipitation. As found for the filtered phase, the Hg iso-
tope variation of rainwater particles would also be controlled by variable
source contribution. Although the isotope exchange between Hgpy; and
Hgr could also lead to Hg isotopic change in particles, which needs to

be further studied, the high distribution coefficient (about 10°) between
Hgpyn and Hgr would suggest the limited impact of filtered phase on par-
ticulate Hg isotopes. Similar result was obtained for lake water Hg iso-
tope systematics (Chen et al., 2016). This was further confirmed by the
inconsistent variations of MDF and odd-MIF between Hgr and Hgpy; dur-
ing the single one event (Fig. 1). Thus, variable source contribution
would be the main cause explaining both MDF and odd-MIF variations
in rainwater Hgpy.

The Hgpy isotopic ratios determined in this study were consistent
with those previous reported in Guiyang (Huang et al., 2015; Yu et al.,
2016). Considering our data and prior studies, both local anthropogenic
sources (i.e. CFPPs and cement plants) and the long-range transport
(aerosols) could contribute to the Hgpy in precipitation, as demonstrated
by Hgg phase. The similarity of Hg isotopic composition between rainwa-
ter Hgpy and anthropogenic emission (Sun et al., 2014; Z. Wang et al.,
2015) confirmed the local source input, while the relatively higher
odd-MIF in especially event E1 particles would require a long-range con-
tribution with generally higher A"°Hg (Chen et al.,, 2012; Huang et al.,
2015), as a result of long-distance transport (Clarke et al., 2013) and
the simultaneously occurred photo-reduction (Landis et al., 2014; Tong
et al, 2014; Zheng and Hintelmann, 2010). The relatively lower values
of Hgpy for both MDF and odd-MIF, as compared to Hgg of samples
(Table 1 and Fig. 1) suggested a larger contribution from anthropogenic
particles (Seo et al., 2012). Moreover, similar to Hgg of E2 event, particles
emitted from incense burning on the Tomb Sweeping Day could largely
impact isotopic signature of E2 Hgpy. Soil particles that showed similar
isotope composition (close to zero or slightly negative odd-MIF; Feng
et al., 2010, 2013) to the anthropogenic sources could also contribute
to Hgpy. Though it could not be excluded, the subtropical humid climate
conditions especially the high relative humidity, frequent rainfall and
high vegetation coverage would diminish the potential terrestrial (e.g.
geogenic) particulate Hg input.

4.3.1. Event 1

The Hgpy concentrations and its isotopic variation in event E1
showed the same similar tendency with those of the Hgg (Fig. 1),
which might be caused by the variation of similar sources as the filtered
phases. Especially, the Hg derived from the western long-range transport
with high odd-MIF contributed to the positive odd-MIF of event E1 Hgpy,
as well. The lower MDF and odd-MIF in Hgp), than in Hgg likely indicated
that the local anthropogenic Hg emission was the dominating contribu-
tion to particulate Hg content.

4.3.2.Event 2

The high Hgpy concentration and its isotopic variation in event E2
showed the same similar tendency with that of the Hg (Fig. 1), which
probably suggested the control by the same source input, in particular
the incense combustion emission. Before the rain on this day, the air rel-
ative humidity was above 85%, which would lead to the incomplete com-
bustion of the incense. Therefore, a high fraction of particulate Hg would
be eventually emitted into the ABL and largely contribute to E2 Hgpy
through wet deposition scavenging (Obrist et al., 2008). Thus, both
Hgpn concentrations and its isotopic composition were largely impacted
by the pollution of the occasional incense combustion event.

4.3.3.Event 3

In comparison with Hgg, the Hgpy concentrations and its proportion
to total Hg were very low in E3 rain samples, due to the dilution of
large precipitation amount and frequent wet scavenging in this wet sea-
son. Isotopically, both the MDF and odd-MIF of E3 Hgpy, increased with
time (Fig. 1). Although the exact factors inducing the difference in Hg iso-
tope variation between filtered and particulate phases remained unclear
at this stage, the near zero odd-MIF of E3 Hgpy, at the starting and middle
stages of this event suggested a relatively larger contribution of locally
emitted anthropogenic particulate Hg. The relatively higher A!°°Hg
(0.28%.) found in sample E3-R4 collected at the end of E3 event was
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likely to result from an increasing contribution of long-range transported
Hg. This was further confirmed by the relatively higher A2°°Hg (0.16%.,
Table 1) in this sample (Cai and Chen, 2016; Chen et al., 2012).

To conclude, the Hgpy; should be investigated separately when study-
ing mercury and its isotope systematics in precipitation, as it might occu-
py a large proportion of THg. Since Hgpy has relatively lower A'°Hg, the
filtered rain samples would display higher odd-MIF. Thus, despite the
large difference in contributing sources, and in meteorological and geo-
graphical conditions, filtration could be another factor explaining the
higher odd-MIF in the filtered rainwater (average A'*°Hg = 0.54 +
0.59%, 2sd, n = 24) (Chen et al., 2012) than unfiltered rainwater (aver-
age A'Hg = 0.28 4+ 0.49%., 2sd, n = 114) (Demers et al., 2013;
Donovan et al., 2013; Gratz et al., 2010; Sherman et al., 2012, 2015)
from North American. Rainwater samples should be filtered in future
studies on precipitation Hg isotopes in order to obtain a better compari-
son and establish a more precise global biogeochemical model of Hg
isotopes.

5. Conclusion

In this study, Hg isotopic compositions of the filtered Hg and, for the
first time the particulate Hg of the same sequential rain sample were
measured for three distinctive single rainfall events in Guiyang City,
China. The total variation ranges of both MDF and odd-MIF were consis-
tent with our previous study on the annual monitoring of Hg isotopes in
Guiyang precipitation, suggesting continuous contribution from fixed Hg
sources (both local and long-term transport). Interestingly, the rainwa-
ter Hg captured both MDF and odd-MIF signatures of the incense burn-
ing on the Tomb Sweeping Day, implying that occasional
anthropogenic events also contribute to atmospheric Hg budget, and
Hg isotopic compositions in precipitation are very sensitive to such mo-
mentous anthropogenic activities. Thus, occasional emission should be
taken into account in future studies on the regional or global biogeo-
chemical cycle of Hg. Our data, together with that reported in our previ-
ous study on Lhasa precipitation, showed that large variation of Hg
isotopes might be a global phenomenon for sequential precipitation
sampling, for both filtered and particulate phases, which should be
both investigated and considered in future studies. Though further re-
search is required for systematically studying the exchange dynamic of
Hg and its isotopes between rainwater and particles in precipitation,
our result showed that the large variations of Hg isotopes in both phases
were more likely caused by change of source contribution, rather than
atmospheric processes. The distinctive Hg isotopic composition (lower
A'"°Hg) of particulate phase compared to the filtered phase were in-
clined to be a large contribution to Hgpy; of sources with insignificant
odd-MIF, likely the local anthropogenic emission. Our study demonstrat-
ed that instantaneous meteorological condition change would partially
contribute to the large variation of Hg isotopic composition in precipita-
tion, through for example changing the contributing proportion of vari-
able sources, and that Hg isotopes, as stable H and O isotopes, could
also provide a new horizon for local or regional meteorological research.
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