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Abstract 

 

Mercury (Hg), a highly volatile metal, can be transported from 

anthropogenic sources to remote ecosystems. Atmospheric deposition is 

the primary pathway for inputs of Hg to natural waters in many cases. 

Methyl mercury (MeHg) in precipitation could be generated from the 

aqueous phase methylation through the reaction between oxidized 

mercury (Hg2+) complexes and unknown methylation agent. Although 

relatively low levels of MeHg are found in most natural waters, MeHg 

has the ability to bio-accumulate in the aquatic food chain, resulting in 

levels of MeHg in fish consumed by humans that exceed health 

guideline. Thus, measurements of THg and MeHg in precipitation are 

important. However, there are only fewer studies of the measurement of 

MeHg in precipitation. In this study, we investigated the level of THg 

and MeHg in rainwater. In addition, the relationship between Hg 

content and event characteristics such as total rainfall or antecedent dry 

days was evaluated. THg and MeHg in precipitation samples were 

collected from July 2013 to June 2014, with a modified MIC-B sampler 

on the roof of Graduate School of Public Health building in Seoul, 
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Korea. THg and MeHg were measured with cold vapor atomic 

fluorescence spectrometry (CVAFS)  

The results showed that the THg and MeHg concentrations in 

precipitation were 16.13±10.68 ng L-1 and 0.042±0.04 ng L-1, 

respectively. The proportion of MeHg in THg in the rainwater ranged 

from 0.01% to 2.22% with a mean value of 0.5%, and these values 

were comparable with those in other studies. The obvious seasonal 

variation of THg and MeHg fluxes were observed in precipitation, with 

the highest value in summer due to precipitation depth. A negative 

correlation was observed between rainfall depth and Hg concentrations 

(p<0.05), indicating that Hg concentrations during precipitation 

decreased as rainfall amount increased. In addition, THg concentration 

was higher when rainfall amount is less than 20 mm, indicating that 20 

mm rainfall can be a threshold value for the wash-out capability of THg, 

and the rainfall more than 20 mm showed the diluting effect for THg 

concentration. Our result implies that this study provides the first data 

of wet depositions of methyl mercury in Korea and can be used to 

identify mercury contents in rainwater and characterize of Hg wet 

deposition in Korea. 
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I. Introduction 

 

1.1. Backgrounds 

 

Mercury (Hg) is a global concern substance because of its 

persistence, bioaccumulation, and toxicity in the environment. Hg is 

classified as a persistent bioaccumulative and toxic (PBT) chemical by 

the United States Environmental Protection Agency (U.S. EPA, 1997).  

Atmosphere plays an important role in the environmental cycling of 

mercury because mercury continuously goes through the emission and 

deposition after it released. Mercury which is gaseous elemental form 

can be transported from anthropogenic sources to remote ecosystems 

(Mason et al., 1994; Petersen et al., 1995; Bullock et al., 1998; Mason 

and Sheu, 2002). Therefore, the relationship between mercury and 

environmental effects is complicated. There is a significant portion of 

mercury in wet deposition which devises from the global transport of 

elemental mercury through its chemical conversion to the divalent form, 

aerosol scavenging and subsequent incorporation into precipitation 

(Dastoor and Larocque, 2004).  
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MeHg in atmospheric water could be due to direct emissions from 

natural and anthropogenic sources (Soar et al., 1999; Lindberg et al., 

2001; Hall et al., 2005), decomposition of volatile dimethylmercury 

(Munthe et al., 2001), or it could be formed in the atmosphere. 

Hammerschmidt et al., (2007) found that MeHg in precipitation could 

be generated from the aqueous phase methylation through a reaction 

between Hg2+ complexes and unknown methylation agent. Methyl 

mercury (MeHg) generally accounts for 0.5~3.0% of total mercury 

(THg) in precipitation (Munthe et al., 1995a, b; Mason et al., 2000; 

Nguyen et al., 2005; St. Louis et al., 2005). However, at present, the 

study on MeHg in precipitation is very limited (Hammerschmidt et al., 

2007).  

Wet deposition of MeHg is generally thought to be a minor 

contributor to MeHg contamination, but Hultberg et al., (1994) 

concluded that high MeHg in atmospheric deposition was the most 

probable explanation for high levels of MeHg in fish in drainage lakes. 

Rolfhus et al., (2003) also identified the atmosphere as the main source 

of MeHg to offshore regions of Lake Superior, and the most probable 

source of MeHg to offshore aquatic organisms. 

Monitoring networks and long-term monitoring sites have been 
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established in many regions and countries for the measurement of 

mercury in ambient air and wet deposition. Europe and North America 

have multiple sites with high quality continuous monitoring of mercury 

in air and wet deposition for more than 15 years. Also, continuous 

mercury air monitoring sites can be found in East Asian Countries and 

South Africa. International efforts are now underway to establish long-

term monitoring sites with expanded global coverage. Thus, the wet 

deposition of mercury has been a lot of research globally, including 

Asia. However, there have been conducted limited studies in Korea and 

the studies have been mainly investigation of atmospheric mercury 

(THg, Hg2+, Hgp). 

Besides, further measurements are needed because MeHg is the most 

toxic form of mercury and it is not known whether MeHg can be 

predicted from THg measured in precipitation. 

Therefore, measurements of THg and MeHg are important for 

monitoring investigations. However, there are significantly fewer 

studies of mercury in rainwater in Korea, especially MeHg. 

 

1.2. Information on the study compounds 
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1.2.1. Mercury physical and chemical forms  

Mercury is a chemical element with symbol Hg and atomic number 

80, and is found among the transition elements of the Periodic Table, as 

Group IIB. A heavy, silvery d-block element, mercury is the only 

metallic element that is liquid at standard conditions for temperature 

and pressure. As compared to other metals, it is a poor conductor of 

heat, but a fair conductor of electricity (Schroeder et al., 1998). 

 

Table 1. Physical and chemical properties of mercury and some of its compounds 

Property Hg0 HgCl2 HgO HgS CH3HgCl (CH3)2Hg 

Melting point 
(℃) 

-39 277 
decomp. 
(500℃) 

584 
(sublim.) 

167 
(sublim.) 

- 

Boiling point 
(℃) 

357 
(1atm) 

303 
(1atm) 

- - - 96 

Vapor pressure 
(Pa) 

0.180 
(20℃) 

8.991-3 
(20℃) 

9.210-12 
(20℃) 

n.d. 
1.76 

(25℃) 
8.3103 
(25℃) 

Water solubility 
(g/L) 

49.41-6 
(20℃) 

66 
(20℃) 

5.310-2 
(25℃) 

~210-24 
(25℃) 

~5-6 
(25℃) 

2.95 
(24℃) 

Henry’s law 
coefficient 

(dimensionless) 

0.30 
(20℃) 
0.32 

(25℃) 
0.18 
(5℃) 

3.691-5 
(20℃) 

3.7610-11 
(25℃) 

n.d. 
1.610-5 a 
(15℃, 

pH=5.2) 

646 
(25℃) 
0.31a 

(25℃) 
0.15 
(0℃) 

Octanol-water 
partition 

coefficient 
4.2a 0.5a - n.d. 2.5a 180a 

a Dimensionless units                 (Source : Schroeder et al., 1991) 
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Hg properties are well known and have been reported in numerous 

studies (Segade et al., 2010). Hg is capable of existing in three 

oxidation states: 0, +1 and +2. In the atmospheric environment, Hg 

exists predominantly in the elemental form (oxidation state 0) and in 

the +2 oxidation state, with the +1 oxidation state being very rare, if it 

exists at all. 

Gaseous elemental mercury (GEM, Hg0) is the predominant form in 

ambient air (> 95%) and its residence time is 0.5 ~ 2 years. GEM does 

not allow to be efficiently incorporated into wet deposition due to its 

low solubility and high vapor pressure (Schroeder and Munthe, 1998). 

The residence time of gaseous oxidized mercury (GOM, Hg2+) 

residence time is a few days and is  water soluble, and has relatively 

strong surface adhesion properties (Han et al., 2005). Thus it can be 

scavenged by rain and clouds (Lin and Pehkonen, 1999). Hg2+ has a 

significantly larger scavenging ratio and deposition velocity than Hg0 

(Lindberg and Stratton, 1998). 

Particulate bound mercury (PBM, Hgp), its residence time is days~ 

weeks and can be wet deposited relatively efficiently if its host particles 

are in or below precipitating clouds (Cohen et al., 2004). Accordingly, 

the predominant form of mercury in wet deposition is in the oxidized 
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(Hg2+) or particulate forms (Hgp). 

 

1.2.2. Mercury wet deposition 

 

Once released into the atmosphere, Hg is subjected to a variety of 

physical, chemical or photochemical processes/interactions. The 

specific pathway actually taken and the fate experienced by a given 

species of Hg depend on many factors. Both its own physical/chemical 

characteristics, as well as the prevailing environmental/meteorological 

conditions existed at any given time and placed gaseous elemental 

mercury (Hg0). Wet deposition is known as the removal of pollutants 

from the atmosphere through atmospheric hydrometeors such as cloud, 

fog, rain and snow. The overall wet deposition flux of a contaminant is 

the sum of its transfer from cloud to rain (washout or in-cloud 

scavenging) and scavenging by falling hydrometeors (rainout or below-

cloud scavenging) (Seinfeld and Pandis, 1998).   

Atmospheric deposition represents the major route of inorganic Hg 

input to ecosystems (Mason and Fitzgerald, 1996; Fitzgerald et al., 

1998). Wet deposition is one of the most helpful measurements of 

mercury for assessing Hg input to ecosystems and for monitoring long-
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term trends. The predominant species of mercury in wet deposition is 

the oxidized form (Hg2+) because it is very water soluble, and can be 

scavenged by rain and below clouds (Lin and Pehkonen, 1999). 

Generally the major source of MeHg is assumed to be production via 

microbial methylation (Gilmour and Riedel, 1995; Pak and Bartha, 

1998; Ullrich et al., 2001). But recently, Rolfhus et al., (2003) 

identified the atmosphere as the main source of MeHg to offshore 

regions of Lake Superior, and the most probable source of MeHg to 

offshore aquatic organisms. Most of the Hg in atmospheric deposition 

is ionic as typically less than 1% of the total Hg is MeHg (Mason et al., 

1992; Mason and Fitzgerald, 1996; Mason et al., 1997a; Lamborg et al., 

1999). The concentration of MeHg in rivers, lakes, and coastal waters is, 

however, a larger fraction of the total (e.g. 1 ~5%) (Mason et al., 1993; 

Hurley et al., 1995; Benoit et al., 1998; Mason et al., 1999). As a result, 

simple mass balance calculations demonstrate that most of the MeHg in 

aquatic systems must be produced in situ (Mason and Fitzgerald, 1990; 

Fitzgerald et al., 1991; Watras et al., 1994; Mason et al., 1994) with 

atmospheric deposition being an important source of Hg substrate for 

methylation (Mason et al., 1994; Mason and Fitzgerald, 1996). 
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3. Objectives 

 

In Korea, there have been several investigations of wet deposition of 

Hg in urban, rural, and background areas. Previous studies try to 

characterized wet deposition of atmospheric mercury which forms are 

THg, Hg2+, Hgp. by tracking the mercury source or relationship among 

the atmospheric mercury (Ahn et al., 2011; Seo et al., 2012). However, 

there have been only a few studies characterizing wet deposition of Hg. 

MeHg which is most toxic form of mercury was investigated in 

precipitation other countries, there was no studies about wet deposition 

of MeHg in Korea. Moreover, there was a few studies about factors 

affecting the mercury in precipitation. In this study, in order to 

investigate the temporal distribution of Hg in precipitation in Seoul, 

THg and MeHg concentrations in precipitation were determined from 

July 2013 to June 2014. The objectives of this study were to quantify 

the concentrations of THg and MeHg in rainwater in Seoul, Korea and 

to identify the relationship between Hg concentration and various 

environmental factors in rainwater. 
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II. Materials and Methods 

 

2.1. Sampling site and Collection date 

 

Event-based precipitation samples were collected from July 2013 to 

January 2014 on the roof (~17 m above ground) of the School of Public 

Health at Seoul National University, Seoul, Korea (latitude: 37.27, 

longitude: 127.57) (Figure 1). 

 

 

 

 

 

 

 

 

 

 

Sampling site  
(37.27°,127.57°) 

Figure 1. The location of sampling site in this study 
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2.2. Preparation for Precipitation Sampling 

 

2.2.1. Acid Cleaning Procedure 

 

All field sampling and analytical supplies which will come into 

contact with the samples are cleaned according to the U.S. EPA Lake 

Michigan Mass Balance Methods Compendium (LMMBMC) (U.S. 

EPA, 1994b). The procedure is described in details as follows; 

Supplies to be acid cleaned are first rinsed in reagent grade acetone 

under a fume hood, then washed in hot tap water and diluted Alconox. 

Supplies are rinsed five times in cold tap water then rinsed three times 

using a deionized water. The supplies are then heated in 3M 

hydrochloric acid (HCl) (Fisher Scientific trace metal grade) for six 

hours at 80°C. The supplies are placed into clean polyethylene tubs 

which are then filled with the 3M HCl. The tubs are covered and placed 

in a water bath which is heated to 80°C in a fume hood. After the water 

in the bath reaches 80°C, the supplies in the tubs are allowed to soak 

for six hours. 

After 6 hour of heating, the tubs are removed from the water bath 
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and allowed to cool in the fume hood. The supplies are rinsed in the 

tubs three times with Milli-Q water. Then the supplies were soaked in a 

0.56M nitric acid solution (Fisher Scientific trace metal grade) for 72 

hours at room temperature. At the end of the three day soaking, the 

supplies are transferred into a Class 100 Clean Room. When the 

supplies are dry, they are triple bagged in new polyethylene bags and 

removed from the clean room, ready for use in sampling. 

 

2.2.2. Funnel Blank Collection 

 

In order to confirm that the collection funnel assemblies are free of 

mercury and other contaminants, 'funnel blank' samples are collected. 

Particle-free gloves are worn for this procedure. Clean sample bottles 

with no HCl preservative are attached to each sampling train and are 

used to collect the funnel rinses. Each funnel was rinsed with 

approximately 0.5 L of the water to make sure that all the surfaces of 

the funnel are covered. Then, the sample bottles are capped and sealed 

using the Teflon tape provided. The Teflon bottles are removed from 

the funnel adapters, the caps are threaded on, and the bottles are sealed 

with Teflon tape. 
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2.2.3. Preparation and set-up of the precipitation collector 

 

Wet-only precipitation samples were collected using a modified 

MIC-B (MIC, Thornhill, Ontario) works by detecting precipitation on a 

sensor grid. This configuration allows for two mercury sampling trains 

and two trace element trains. In this study, we modified the 

configuration to allow four mercury sampling trains (Figure 2). A 

mercury sampling train consists of a Borosilicate glass collection 

funnel with an effective collection area of 170cm2, a Teflon adapter, a 

glass vapor lock and a 1 L Teflon sample bottle (Figure 3). Sampling 

trains were manually deployed only when precipitation was forecast 

and retrieved after precipitation stopped.  

In order to minimize evaporative loss of mercury from the sample 

bottle in the collector, a vapor lock system and hydrochloric acid 

preservative have been incorporated into the collection system. Each 

Teflon sample bottle contains 20 mL of 0.08M HCl preservative. 

According to the U.S. EPA Lake Michigan Mass Balance Methods 

Compendium (LMMBMC) (U.S. EPA, 1994b), the funnels and sample 

bottles have been acid-cleaned in a laborious 11-day procedure and 

packaged to ensure no particle contamination. Extreme care is needed 
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when handling the funnels and opening sample bottles in order to 

prevent anything from falling in or contacting them during installation. 

Each precipitation sample volume was determined gravimetrically and 

the precipitation depth was calculated by dividing the precipitation 

volume by the funnel area. 

 

 

Figure 2. Modified MIC-B 
precipitation collector 

 

 

 

 

Figure 3. Diagram of 
modified MIC-B sampling 
trains for the collection of Hg 
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2.3. Analysis 

 

2.3.1. Analytical Methods  

 

THg concentrations in precipitation was analyzed using the Tekran 

Series 2600 Hg analyzer (Tekran Inc., Canada), based on EPA method 

1631, by oxidation, reduction and trap, and cold vapor atomic 

fluorescence spectrometry (CVAFS) (US EPA, 2002; 2006). Before 

being analyzed, the samples were oxidized with BrCl to a 1% solution 

(v/v) and were stored in a refrigerator (4°C) for at least 12 hours. After 

oxidation, the sample was sequentially reduced with hydroxylamine 

hydrochloride (NH2OH·HCl) to destroy the free halogens, and then 

reduced with stannous chloride (SnCl2) to convert Hg2+ to the volatile 

Hg0. Hg0 was separated from the solution using nitrogen, and collected 

using a gold trap. The Hg was then thermally desorbed from the gold 

trap into an inert gas stream carrying the released Hg0 to a second gold 

(analytical) trap. The desorbed Hg0 from the analytical trap entered the 

gas stream, carrying Hg into the cell of a CVAFS for detection. 

Complying with the EPA Method 1630, precipitation samples for 
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MeHg determinations went through distillation, ethylation and gas 

chromatographic (GC) separation before CVAFS analyses (US EPA, 

2001). After distillation, automated MeHg analyzer (MERX-4400, 

Brooks Rand Inc., USA) was used to measure MeHg. Samples are 

adjusted to pH 4.9 with 2 M acetate buffer, then ethylated by the 

addition of sodium tetraethyl borate (NaBEt4) in the vial. Ethylated Hg 

complexes were separated from solution by purging with nitrogen gas 

for 15 min and then trapped on Tenax. Trapped Hg complexes were 

carried through a gas chromatography column for separation, converted 

to Hg0 via a pyrolytic column and detected using cold vapor atomic 

fluorescence spectrometry (CVAFS). Analyses of MeHg in samples 

were performed after daily calibration with a MeHg stock solution (1 

ng mL-1). 

 

2.3.2. Chemical Analysis 

 

The dissolved organic carbon (DOC) analysis, after it was filtered 

through a 0.2μm the sample was determined by measuring the total 

organic carbon (TOC). TOC was measured by high temperature 

combustion using a Shimadzu TOC 5000 total organic carbon analyzer 
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equipped with an ASI-5000A auto sampler. The concentration of DOC 

was determined by acidified (pH 3) prior to being set in the 

equipment.  The sample is sparged with high purity air, eliminating the 

inorganic carbon component, then injected onto the column and 

combusted to CO2. The CO2 was detected by a non-dispersive infrared 

gas analyzer which outputs a detection signal which generates a 

peak.  QA/QC procedures are as follow; when injecting a standard 

solution of the four points, CV (curve variation) value is below 2 and 

SD (standard dispersion) value is below 200. 

 

Major ions (Cl-, NO3
-, SO4

2-) and acetate concentration was 

measured by ion chromatography using a Dionex-120 with an AS18 4-

mm analytical column and detection using suppressed conductivity. A 

solution containing 1.0 mM NaHCO3 and 3.5 mM Na2CO3 was used as 

the eluent, and the flow rate was kept at 1.2 mL/min. The standard 

curve was used when the coefficient of determination (r2) was greater 

than 0.9995 (linear).  
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2.4. QA/QC and statistics analysis  

 

Quality assurance and quality controls (QA/QC) for THg and 

MeHg determinations included method blank, blank spikes, duplicates 

and matrix spikes. The method detection limits (standard deviation × 

3.143) of THg and MeHg were 0.06 ng L-1
 and 0.0025 ng L-1. The 

method blank was lower than the detection limits. The average relative 

standard deviation for the duplicate analyses of THg and MeHg were 

9.9% and 5.7%, respectively. Recoveries for matrix spikes ranged from 

90 to 110% for THg, 85 to 108% for MeHg. The equipment blanks of 

automatic precipitation sampler for THg and MeHg were 0.06 ng L-1 

and 0.02 ng L-1, respectively.  

Statistical analyses were performed using IBM SPSS statistic 21.0 

version software (IBM Corp., New York, USA). Correlation analysis 

was used to identify and measure the associations among the factors in 

rainwater. 0.05 was used as the level of significance for these analyses. 

Volume-weight mean (VWM, ng L-1) concentration and wet 

deposition flux (μg m-2) of Hg were calculated by Eq. (1) and Eq. (2), 

respectively. 
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VWM	conc.=
∑     
   
   

∑   
   
   

 

(1) 

wet	deposition	flux =	 (    

   

   

)
1

1000
 

(2) 

 

where    is the concentration of Hg in each precipitation sample (ng 

L-1),    is the precipitation depth (mm), and j is the number of 

precipitation samples during the study period. 
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III. Results and Discussion 

 

3.1. Characteristics of rainwater  

 

Total 39 precipitation events samples were monitored from July 2013 

to June 2014. Table 2 shows the characteristics of the monitored rain 

events of which the profile includes the concentrations of total mercury 

(THg), methyl mercury (MeHg), acetate and dissolved organic carbon 

(DOC) measured in rainwater and the event date, precipitation type, 

antecedent dry days (ADD).  

The results of concentrations of THg, MeHg in precipitation ranged 

from 2.49 to 42.67 ng L-1, from 0.003 to 0.153 ng L-1, respectively. 

Percentage of MeHg in THg (%MeHg) in precipitation was 0.01–2.22% 

(mean 0.5%) and mean concentrations of acetate and DOC were 0.36 

mg L-1 and 2.91 mg C L-1. Major ions (Cl-, NO3
-, SO4

2-) mean 

concentrations are 2.20 mg L-1, 6.12 mg L-1, 4.87 mg L-1, respectively 

(n=11). Total precipitation depth was 1516 mm and the antecedent dry 

days (ADD) during the sampling period ranged from 0 to 28 days. 

Precipitation type is 6 times of snow and 33 times of rain. 
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Table 2. The results of THg and MeHg concentrations and other 

parameters in precipitation 

I.D 
Event date 

(yy/mm/dd) 

Precipitation 

type 

MeHg 

(ng L-1) 

THg 

(ng L-1) 

DOC 

(mg L-1) 

Acetate 

(mg L-1) 

Antecedent 

dry days 

(days) 

event1 130730 rain 0.0640 11.76 4.57 0.50 0 

event2 130802-03 rain 0.0665 19.20 n.aa 0.21 2 

event3 130805 rain 0.0910 14.57 4.82 0.27 1 

event4 130806 rain 0.0479 18.70 5.07 0.33 0 

event5 130807 rain 0.1045 11.48 n.a 0.34 0 

event6 130809-10 rain 0.0667 31.54 6.38 0.63 1 

event7 130823 rain 0.1230 28.70 1.20 0.15 12 

event8 130829 rain 0.0025 18.60 0.95 0.23 5 

event9 130910 rain 0.0025 6.30 0.36 0.16 11 

event10 130911-12 rain 0.0025 9.30 0.51 0.03 0 

event11 130913-14 rain 0.0025 23.00 1.44 0.13 0 

event12 130924 rain 0.0135 3.36 n.a n.a 9 

event13 130928-29 rain 0.0082 11.90 9.50 0.17 3 

event14 131008 rain 0.0057 21.70 0.94 0.86 9 

event15 131011 rain 0.0125 3.80 n.a n.a 2 

event16 131015 rain 0.0188 25.50 n.a 0.49 3 

event17 131029-30 rain 0.0311 4.13 2.13 0.38 13 

event18 131124-25 rain 0.0350 2.49 0.78 0.30 23 

event19 131209 snow 0.0532 8.76 2.44 0.13 13 
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Table 2. (continued)  

I.D 
Event date 

(yy/mm/dd) 

Precipitation 

type 

MeHg 

(ng L-1) 

THg 

(ng L-1) 

DOC 

(mg L-1) 

Acetate 

(mg L-1) 

Antecedent 

dry days 

(days) 

event20 131212 snow 0.0348 12.01 n.a n.a  2 

event21 131226 snow 0.0778 24.00 n.a n.a 13 

event22 140120 snow 0.1530 28.91 n.a n.a 24 

event23 140128 rain <b 28.86 n.a n.a 7 

event24 140201-02 rain 0.0570 17.82 9.56 0.28 3 

event25 140208 snow 0.0254 8.49 3.85 0.15 5 

event26 140309 snow 0.0226 < n.a n.a 28 

event27 140312 rain 0.0440 25.07 10.75 0.58 2 

event28 140317-18 rain 0.0196 < n.a n.a 4 

event29 140321-21 rain 0.0461 < n.a n.a 2 

event30 140329 rain 0.0345 11.06 n.a n.a  7 

event31 140417 rain 0.1363 42.67 0.22 1.12 18 

event32 140428-29 rain 0.0176 9.27 0.12 0.94 10 

event33 140507-08 rain 0.0231 41.67 0.12 0.06 7 

event34 140511-12 rain 0.0072 7.97 0.13 0.69 2 

event35 140525-26 rain 0.0047 9.28 1.28 0.21 12 

event36 140602-03 rain 0.0439 3.27 1.16 0.19 6 

event37 140610-11 rain 0.0244 20.18 2.11 0.57 6 

event38 140617 rain 0.0729 27.78 n.a n.a 5 

event39 140620-21 rain 0.0123 15.62 2.24 0.12 2 

an.a=not available  

bsamples were collected less than the minimum amount available mercury analysis 
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3.2. Mercury concentrations in precipitation 

 

3.2.1. Total mercury in precipitation 

 

Concentrations of THg in precipitation at Gwanak from July 2013 to 

June 2014 ranged from 2.49 to 42.67 ng L-1, with mean±standard 

deviation of 16.13±10.68 ng L-1. Annual volume-weighted (VMW) 

mean THg concentration and wet deposition flux were 10.26 ng L-1 and 

18.7 μg m-2, respectively (n=36). Figure 4 shows THg concentrations in 

all samples. Table 3 shows a comparison of THg concentrations in 

other sites in Korea or other countries. The concentration of THg in 

urban area, Gwanak, Seoul was close to previously reported in some 

urban areas such as Seoul, Korea (Seo et al., 2012) and Great Lake 

Region (Hall et al., 2005); but much lower than reported in Wujiang 

River, Guizhou, China (Guo et al., 2008) and Chongqing, China (Wang 

et al., 2012). Compared THg wet deposition flux in precipitation to 

Guizhou, China (34.7 μg m-2), it is much higher than that found in this 

study. This is because both the concentrations of THg (7.5 to 149.1 ng 

L-1) and annual THg concentration in Guizhou (36.0 ng L-1) was higher 

than that in this study although annual rainfall depth in Guizhou was 
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much lower than in this study. Local emission sources could contribute 

significantly to the spatial and temporal variation of the mercury wet 

deposition (Sorensen et al., 1994; Hoyer et al., 1995; Dvonch et al., 

1998; Glass and Sorensen, 1999). And local industrial Hg emissions, 

soot, or redox species emissions, which result in higher concentrations 

of Hg in precipitation. China is the largest mercury emission source 

country in the world. Therefore, much larger mercury emissions in 

Guizhou, China (Streets et al., 2005) probably results in both high 

atmospheric mercury concentrations and high wet deposition compared 

in this study. 
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Figure 4. THg concentrations (ng L-1) in precipitation at Gwanak, Seoul (more detailed information about event 
date are described in Table 2) 
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Table 3. Comparison of THg and MeHg concentration in precipitation measured in those at other sites 
 

Site(Country) Classification Sampling period THg (ng L-1) MeHg (ng L-1) Reference 

Seoul (Korea) Urban Jul 2013 ~ Jun 2014 2.49 ~ 42.67 <0.003 ~ 0.15 This study 

Seoul (Korea) Urban Jan 2006 ~ Dec 2007 6.8 ~ 38.5  Seo et al. (2012) 

Chongqing (China) Urban Jul 2010 ~ Jun 2011 5.81 ~ 157.58 0.04 ~ 1.94 Wang et al. (2012) 

Ontario (Canada) Remote Feb 1993 ~ Jan 1994 0.95 ~ 9.31 0.01 ~ 0.18 St. Louis et al. (1995) 

North Carolina (USA) Urban Sep 2003 ~ Sep 2005 9.1 ± 0.84 0.22 ± 0.02 Kieber et al. (2008) 

Great Lake Region  May 1997 ~ Dec 2003  10 ~ 60 0.01 ~ 0.85 Hall et al. (2005) 

California(USA) Urban 2007 ~ 2008 2.0 ~ 17.7 0.03 ~ 5.7 Peter et al.(2010) 

Göteborg(Sweden) Urban Dec 1990 ~ Apr 1994 11.9  Munthe et al.(1995a) 

Wujiang River, 

Guizhou (China) 

Rural Jan 2006 ~ Dec 2006 7.5 ~ 149.1 0.08 ~ 0.82 Guo et al. (2008) 

Newcomb(USA) Remote Dec 2004 ~ Dec 2006 0.2 ~ 28.5  Halsen et al.(2008) 
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All the values were grouped by season, in order to evaluate the 

temporal distribution of THg (Figure 5). The seasonal variations of 

THg in precipitation were the highest in the winter. This finding is 

similar to the seasonal variations of THg in precipitation in Wujiang 

River Basin, Guizhou, China (Guo et al., 2008). Guo et al., (2008) 

concluded most of the mercury in precipitation was found to be 

associated with particulate matter, which accounted for 67.6 to 96.1% 

of the total mercury, and particulate Hg was the dominant form among 

the different Hg species. The maximum THg concentrations in rain 

samples during winter may be related to heating using coal, which is an 

important mercury emission source to the local air (Feng et al., 2002).  

The wet deposition flux was highest in summer and lowest in winter. 

It might be the combination of larger mercury concentration and 

rainfall amount and faster photo-oxidation reaction rates in higher 

temperature enhanced the largest mercury wet deposition in summer. 

While smaller efficiency of particulate scavenging by snow and slower 

atmospheric reactions in low temperature, and less precipitation amount 

resulted in the smallest winter flux (Mason et al., 2000). 
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Figure 5. Seasonal variations of THg concentrations during 
sampling period 
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3.2.2. Methyl mercury in precipitation 

 

Measured MeHg concentrations at the sampling sites were ranged 

<0.003 to 0.153 ng L-1, with a sample mean±standard deviation of 

0.042±0.04 ng L-1 (n=38). The annual VMW mean MeHg 

concentration and wet deposition flux were 0.022 ng L-1 and 0.04 μg m-2, 

respectively. When compared to other study results (Table 3), its levels 

are similar to Ontario, Canada; however much lower than the 

concentrations reported in Chongqing, China (Wang et al., 2012), Great 

lake regions (Hall et al., 2005) and California, USA (Peter et al., 2010). 

MeHg wet deposition flux was similar or lower than most of the data 

Japan (Sakata and Marumoto, 2005); Mt.Leigong, Guizhou, China (Fu 

et al., 2009); Wujiang, Guizhou, China (Guo et al., 2008); Core urban 

area, Chongqing, China (Wang et al., 2014) reported in the literature. 

This study area may be relatively clean, although monitoring site 

conducted is urban area in Korea. 

Percentage of MeHg in THg (%MeHg) in precipitation was 0.1~2.2% 

(mean 0.5). In this study, most of %MeHg was below 1.0% which was 

comparable to those reported in Wisconsin (mean 1.3%) (Lamborg et 

al., 1995). Generally, MeHg accounts for 0.5~3.0% of THg in 
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precipitation (Munthe et al., 1995a, b; Mason et al., 2000; Nguyen et 

al., 2005; St. Louis et al., 2005). However, when compared 

with %MeHg in environment system such as estuarine and marine 

waters (less than 5%) or freshwater lakes and rivers (up to 30 %) 

(Leermakers et al., 1996; Coquery et al., 1997; Meili, 1997; Mason and 

Sullivan, 1999), it showed a lower MeHg production in precipitation. 
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Figure 6. MeHg concentrations (ng L-1) in precipitation at Gwanak, Seoul (more detailed information about 
event date are described in Table 2) 
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The seasonal patterns in concentrations and wet deposition fluxes of 

MeHg vary with location, likely due to meteorological conditions such 

as seasonal variations of precipitation amount and frequency of rainfall 

and snowfall in winter months. 

There was a significant seasonal variations of mean MeHg 

concentration. MeHg concentrations and wet deposition exhibited same 

seasonal patterns than did those for THg, highest mean MeHg 

concentration occurred in winter (VMW mean concentration 0.053 ng 

L−1) (Figure 7), which was significantly higher than those sampled in 

other seasons (spring VMW 0.018 ng L−1, summer VMW 0.027 ng L−1, 

fall VMW 0.011 ng L−1). This is probably because the local residential 

coal combustion for heat in winter. Seasonal trend in this study is 

consistent with many regions which showed increased MeHg 

concentration during winter months (Bloom et al., 2004; Guo et al., 

2008). However, the temporal distribution of MeHg in precipitation is 

not consistent with northwestern Ontario observed the highest MeHg 

concentrations were observed in summer and fall (St. Louis et al., 

1995). The wet deposition flux in our study was highest in summer and 

lowest in winter. 
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Figure 7. Seasonal variations of MeHg concentrations during 
sampling period 
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3.3. Relationship between mercury concentrations in 

precipitation and other factors 

 

3.3.1. Mercury concentrations and rain amount  

 

THg and MeHg concentrations as well as the corresponding 

precipitation amount of every rain event are shown in Figure 8. 

Significant negative correlations between THg and rain amount (r2 = 

0.0999, p = 0.024), as well as MeHg and the rain amount (r2 = 0.1523, 

p = 0.011) were also observed (Figure 8). The results indicated that the 

THg and MeHg concentrations in precipitation decreased with rain 

amount increased. This result might be due to the effect of “wash-out” 

from the atmosphere during the early stage of rain event. 

Precipitation effectively scavenges the particles during the initial 

rainfall period, followed by smaller washout (Mason et al., 1997) with 

relatively similar mercury concentrations over increasing rainfall 

amount. It can be seen that the deposition of THg and MeHg are 

dependent on the amount of wet precipitation, since more rain water 

should wash out more THg and MeHg. 
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Figure8 shows that mercury concentrations and precipitation amount 

were negatively correlated. Therefore, in order to know the point which 

is statistically difference mercury concentrations and precipitation 

amount, we divided into five group based on precipitation amount 

during the sampling period. 

THg concentration was higher when rainfall amount is less than 20 

mm, 20 mm rainfall can be a threshold value for the wash-out 

capability to Hg (Figure 9). This research indicates that 0 ~ 20mm 

rainfall plays a dominant role in scavenging atmospheric Hg and 20mm 

may be a threshold value for the biggest wash-out capability to Hg. The 

part of rain exceeding 20mm may play a dilution role, instead of 

washing out. However, no statistically significant difference was 

observed between rainfall and MeHg concentrations.  
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Figure 8. Relationships between precipitation depth and total 
and methyl mercury 

precipitaion depth (mm)
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Figure 9. Total and methyl mercury concentrations in 
precipitation grouped according to different rain amount 
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3.3.2. Mercury concentrations and Antecedent dry days (ADD) 

 

The antecedent dry days (ADD) is one of the factors determining the 

accumulation of pollutants on the surface (Huber and Dickinson, 1988). 

The pollutants mass may increase with the dry period before rainfall 

events. This means that after a storm event, the rate of accumulation of 

pollutants mass is high during the first few days (Grottker, 1987, Sartor 

and Boyd, 1972). Previous reports from Kim et al., (2004; 2005) had 

results that compared various event mean concentrations (EMCs) to 

antecedent dry days, they found a weak relationship between EMCs 

such as lead, litter and ADD. 

Figure 10 show plots of relationships between mercury 

concentrations and the antecedent dry days. In this study, there’s no 

statistically significant difference was observed between ADD and THg 

and MeHg concentrations. It might be considered insufficient data to 

fully understand event characteristic. 

 

 

 

 



 

 - 38 - 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 2 4 6 8 10 12 14 16 18 20 22 24 26

T
H

g
 c

o
n

c
.

0

10

20

30

40

50

ADD(day)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

M
e

H
g

 c
o

n
c

.

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

Figure 10. Relationship between mercury concentrations 
and antecedent dry days (ADD) 
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3.3.3. Mercury concentrations and dissolved organic carbon  

 

It is known that both particulates and dissolved organic carbon (DOC) 

play a significant role in the biogeo-chemical cycling of Hg in the 

aquatic environment (Mason et al., 1993; Driscoll et al., 1994). The 

previous studies have shown that for the same species of fish taken 

from the same region, increasing the DOC content generally results in 

higher mercury levels in fish, an indicator of greater net methylation. 

Higher DOC levels enhance the mobility of mercury in the 

environment, thus making it more likely to enter the food chain 

(Driscoll et al., 1995). 

In this study, measured the dissolved organic carbon in precipitation, 

Figure 11 shows relationship between DOC concentrations and MeHg 

concentrations. DOC concentrations are correlated with MeHg 

concentrations, suggesting that inorganic mercury are methylated by 

organics. Next, we need to know what kinds of organics mainly 

contribute Hg methylation in the atmosphere.  
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Figure 11. Relationship between DOC concentration and MeHg 
concentration 
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3.3.4 Mercury concentrations and acetate  

 

MeHg in precipitation could be generated from the aqueous phase 

methylation through a reaction between Hg2+ complexes and unknown 

methylation agent (Hammerschmidt et al., 2007). Current hypotheses 

for the source of MeHg in rainwater is abiotic methylation of mercury 

by carboxylic acids, particularly acetate (Gardfeldt et al., 2003; 

Hammerschmidt et al., 2007). It has been suggested that acetate is 

present in rainwater in excess of “methylatable mercury”, and thus 

methylatable mercury is proposed to be the limiting reactant in the 

aqueous phase formation of MeHg in rain (Hammerschmidt et al., 

2007). Figure 12 shows plots of relationships between mercury 

concentrations and acetate concentrations. In this study, weak 

relationship between MeHg concentrations and acetate concentrations 

was observed. However, there’s no statistically significant difference in 

between acetate and MeHg concentrations. It should be considered 

insufficient data to fully understand.  

In addition, we examined the correlations between Hg and major 

anions in precipitation in order to investigate the anthropogenic 

contributions to Hg. Table 4 shows summary of analysis results of 
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chloride (Cl-), nitrate (NO3
-), sulfate (SO4

2-) ion measured in 

precipitation. We measured only 11 anion samples in precipitation due 

to the shortage of sample volume. A highly correlation was observed 

between THg and NO3
- (r2 = 0.65), and between MeHg and SO4

2- (r2 = 

0.52) concentrations in precipitation. 

SO4
2- and NO3

- ions in precipitation mainly come from the washout 

of SO2, NOx in atmosphere, which are indicators for anthropogenic 

influences (Mao et al., 2008). Many researchers have suggested that the 

wet deposition fluxes of SO4
2- increase in the colder seasons (winter 

and spring) because of the long-range transport of air pollutants from 

the Asian continent (Takahashi and Fujita, 2000; Fujita et al., 2001). 

NOx in atmosphere is emitted directly from the combustion of fossil 

fuels and transportation sources (Caffrey et al., 2010; Lynam and 

Keeler, 2006; Lombard et al., 2011). NO3
- ion may be produced by 

photochemical oxidation in the atmosphere (Grosjean, 1988, 1989), the 

correlation between MeHg indicates that the wet deposition fluxes of 

MeHg can be influenced by substances originating from anthropogenic 

sources. 
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Table 4. Summary of analysis results of chloride (Cl-), nitrate (NO3-), 
sulfate (SO42-) ion measured in precipitation. 
  Cl- 

(mg L-1) 

NO3
- 

(mg L-1) 

SO4
2- 

(mg L-1) 

No. Samples 11 11 11 

Minimum 0.02 1.2 1.52 

Maximum 6.43 11.55 12.14 

Mean±S.D 2.20±2.11 6.12±3.16 4.87±3.49 

 THga (r2) 0.604 0.650 0.171 

  MeHga (r2) 0.105 0.227 0.520 

acoefficient of determination (r2) Hg species and other anion 

 

 

 

 

 

 

 
 

 
 

 

Figure 12 Relationship between acetate concentrations and 
methyl mercury concentrations 
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V. Conclusion 

 

This study, collected every precipitation events (n=39) during the 

period from July 2013 to June 2014. THg and MeHg in precipitation 

was measured to characterize seasonal variations in Seoul, Korea. The 

result was obtained as follows; 

 

1. During the sampling period, total precipitation depth was 1516 mm 

and the antecedent dry days (ADD) ranged from 0 to 28 days. 

Volume weighted mean (VWM) THg concentration and wet 

deposition flux were 10.26 ng L-1 and 18.7 μg m-2. MeHg, VWM 

concentration and wet deposition flux were 0.022 ng L-1 and 0.04 

μg m-2, respectively.  

 

2. The proportion of MeHg in THg (%MeHg) in the rainwater ranged 

from 0.01% to 2.22% with a mean value of 0.5 %, and this values 

comparable with other studies. Most of %MeHg was below 1.0%. 

 

3. The obvious seasonal variations of THg concentration was observed 
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in precipitation, with the highest value in winter and the lowest in 

fall while the wet deposition flux was highest in summer and the 

lowest in winter. Like THg, seasonal variation of MeHg 

concentration was the highest value in winter and the lowest in fall 

while the wet deposition flux was highest in summer and the lowest 

in winter. 

 

4. A negative correlation was observed between precipitation depth 

and mercury concentrations (p<0.05) indicating that the THg and 

MeHg concentrations in precipitation decreased with precipitation 

amount increased. This result might be due to the effect of “wash-

out” from the atmosphere during the early stage of rain event. 

 

5. THg concentration was higher when rainfall amount is less than 20 

mm, 20 mm rainfall is a threshold value for the wash-out capability, 

and the rainfall more than 20 mm showed the diluting effect for 

THg concentration. 

 

6. Mean concentrations of acetate and DOC were 0.36 mg L-1 and 
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2.91 mg C L-1, respectively. Weak relationship between MeHg 

concentrations and acetate (r2=0.253) and DOC concentrations 

(r2=0.246) was observed suggesting that inorganic mercury are 

methylated by unknown compounds such as organics or acetate. 

 
 

This study investigated the temporal distribution of Hg in 

precipitation in Seoul by measuring THg and MeHg concentrations in 

precipitation, which provides the first data of wet depositions of methyl 

mercury in Korea. These results can be used to identify mercury 

contents in rainwater and characterize of Hg wet deposition in Korea. 

Additional detailed studies and continuous monitoring of Hg are 

required in order to better understand the fate of Hg in atmospheric 

waters.  
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국  

 

 생태계에 축 어 인간  건강에 악 향  미 다는 특  

에  생태계에 도 상당한 심  불러일 키고 있는 염

질  하나이다.   자연  또는 인  출 는 

 건식  습식 침  통해 체, 토양, 퇴 , 식생 등  

이동한다. 생태계에 입   다시 틸   통해 틸

 뀌고 이 연쇄를 라 축  며 결국 인체에 해한 

향  주게 다.  체  입  자연 이고 인  

야   직 인 침    등에 한 입(runoff) 등

과 같  부  건ㆍ습식 침  들  있 며, 특히 Great 

Lakes 지역에 한 연구결과에 하면 자연  입 는  

주요 경 는  습식침 이다. 이에 본 연구에 는 강 에  

   틸  농도를 하 며,  습식 침 에 

향  미 는 여러 변 들  함께 고 해 보았다. 

본 연구는 2013  7월 말부  2014  6월 지 울시 악구에 

한 보건 학원 6  상에  나 에     틸

  한 샘플링  실시하 다. 시료 채취는 미국  MIC-B 

샘플러(MIC, Thornhill, Ontario)를  변 한 계(한국 ILS, 
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Auto-rain sampler)를 이용하여 매 강우별  포집하 다. 강우 채

취 시 사용 는 모든 용 는 산 척  하 며 EPA  Lake 

Michigan Mass Balance Study Competition에  시하는 법  

랐다. 그리고 강우 내    틸  분 법  각각 U.S. 

EPA Method 1631  U.S. EPA Method 1630  르고 있 며, 

  분  Tekran Inc.  Series 2600  이용하 고 틸

 분  Brooks Rand Inc.  MERX-4400  이용하 다.  

본 연구 간 동안  39개  시료를 채취  분 하 다. 강우 내 

 농도 범 는 2.49 ~ 42.67 ng/L, 평균 농도는 16.13 ± 

10.68 ng/L 이었 며, 틸  농도 범 는 0.003 ~ 0.153 

ng/L, 평균 농도는 0.042 ± 0.04 ng/L 이었다.   습식 침

량  강우량과 강우 내  농도를 곱하여 계산하며, 체 연

구 간 동안    틸  침 량  각각 18.7 μg m-2

과 0.04 μg m-2  나타났다. 계     틸  

농도 모  겨울에 가장 높았 며 flux는 여름이 가장 높았다. 이는 

flux  주요 인자인  양이 매우 높았   보인다. 강우 

내  , 틸 농도에 향    있는 향인자  용존 

탄소(DOC), 아 트산염(Formate), 양, 행 강우일

 상 계를 통계  법  조사하 다. 강우량과  농도  
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   틸  모  강우 양과   경향  보 며 통계

 하 다 (p<0.05). 이는 강우 양이 증가할   

농도는 감소하는 것  뜻하며, 강우 에 이 wash-out  

미한다. 면 강우 내 아 트산염  행 강우일   농도

 계에 있어 는 통계  함  찾   없었다. 
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