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Mercury Wet Deposition in Chuncheon, Korea:
Concentration in Rain and Washout Ratio
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Abstract Wet deposition is the primary pathway for mercury (Hg) input to aquatic ecosystem. In this study, rainfall
samples were collected for about 3 years, and the total mercury (Hg(T)) concentrations in rain were measured to quantify the
wet deposition flux in Chuncheon, Korea. The volume weighted mean (VWM) Hg(T) concentration was 6.1 ng/L over the
entire sampling period. Precipitation depth was negatively correlated with Hg(T) concentration in rain especially during
winter, suggesting that the atmospheric Hg was effectively scavenged by initial rainfall or snowfall in winter. In the summer
and fall of 2016, very high Hg wet deposition flux was observed due to the high VWM Hg(T) in rain, and the back-trajectories
were shown to pass through the areas where the fossil fuel power plants and cement industries are located. Concentrations
of atmospheric gaseous oxidized mercury (GOM) were more than 10 times lower than those of particulate bound mercury
(PBM) in this study. There was no correlation between atmospheric GOM and Hg(T) in rain while significant correlation
between atmospheric PBM and Hg(T) in rain was observed. The washout ratio of PBM was estimated as 386 m?3-air/L-rain.
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. = 1 FE2 SFEEEA (13.1%), AHE A£ (10.5%), 5
S F AR (10.3%), H71E (5%) 5o o= Hil
T YT golor AFRofA fFdstA ol EHIth AGERE opXoprt A Q191H F2ulE

A D 7oz Aok a&el™ =2 A 5 O] 54%E A5, 5] T2 AlA] 2o =2 v
AE 7RI 22 thE SEET g WiEdelA  ES7IE A AlA viEEe] 37.7%E ZFAIRITH(UNEP,
&5 % A (deposition)+ AHHZ: (re-emission)©] 2018; Zhang et al., 2015). =} 194 =2 vjESA|A
dojup o 2 iAo A AEHH o R oty 2 AREE A (27.2%), A-GAHAIAA (26.9%), Al
UNEP 214 (2018)°]] mh2 W Alg 2 AF3¢ o] E &4 A (222%), =371E 27414 (9.3%)
A AA JYA -2 wiE D] oF 37.7%F AASHL, T #AE BRIt (Kim et al., 2016).
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730 ALSEL AHE, DX, 0L, 0=, SHHR|
722 it o g 7EAAy Y42 (gaseous
A} Atk (gaseous
oxidized mercury: GOM), YA 42 (particulate-
bound mercury, PBM) 2.2 FEE T} (Bargagli, 2016;
Moore et al., 2014; Subir et al., 2012, 2011; Lyman et
al., 2009). 07} =291 GEM< YAHEHo|| F2}o] of
HaL W32 A AEE (0.1 X107 em/s) 2F =2 85
2 sf v Hi7] AlFAIRH0.5~29)0] Ao
7|42 5 9F 95% 5 A}FA| St (Gonzalez-Raymat et al.,
2017). §HH, 7t24) AFsH2-91 GOM (Hg? )2 w2
ST} =2 82 Q1) AAHNAEKE (0.5~6.0
cm/s)7F =oF AlFAIZrO] E-2 E7o] Qlt} (Driscoll
et al., 2007; Lin and Pehkonen, 1999; Schroeder and
Munthe, 1998). TH}A] GOM-2 BiEH Aol A] =2
g Hol ko A5 Hept Hig Ao
(Keeler et al., 2005). GOM<> HgCl,, HgBr,, HgO,
HgSO,, Hg(NO,),, Hg(OH), 5 Threh 83t E-2 w3t
st Qe Aoz dHA Stk (Shepler et al., 2007;
Balabanov and Peterson, 2003; Khalizov et al., 2003;
Tossell, 2003). T 7] F £2A5H= &2 5 GOM
o] ZAsh= A Hl-&-2 oF 5% nletol|w, YA
£t v 7] diwel] A s A EHo HA
Bl > GEME} fhof Z Ao ofeh =2 QIsf=7}
o Atk 4HA Qlth(Han ef al., 2004; Landis and
Keeler, 2002). GEMY} GOM 5= 9] &2 F7IAA &=
2 (total gaseous mercury, TGM)©|2t1l LA oJZIT},
PBM HiEHolA 23] HlE 57 GOMe| YAt
Hol| Z2tE]o] 2214 0 2 A ECH( Han et al., 2018;
Fang et al., 2012). PBM®] A AL = 470 ot
2t A4, Aol = Adols F2 1.0um

olstz EAISHAI o5 H o= 2l AR = A F
B B xSkt A A= ok (Kim et al., 2012).

elemental mercury: GEM), 7}~

7422 2 F71e2os dut tf7] Fof
EAE & ng/m’e] s2E A A%l 2 A9
& 715HA] gtk ey ti7]4-20] SAEA 2 E

Pl A=, €714 AeelN F2 Patel
shefjote] ofa) S4o] L HEF-L 02 Hes)

=

Ho|AHME wet oF Mutaj7bA] F=o] 7hssitt
(Meili, 1991). THebA] 4=22] Q1A L Aef $IafAd-S
B7kekal flsid= AAA17171 S1sh, ti7] A=
stel2 Pap2lQl S & & Sk A o
& 7]91sk= GOMY} PBM O] &4t th7] & 5%t
4> pg/im® FEO] 2 pFoly o A7) HIFH
= AA™AZ7F AEER] o, tiF-e] A+
M= 29 SARATS Sdohs dl 2ol &
HA et sEAEE e-2uehs 20 SR Al o
3t A7} BEZSE Aotk Eom et al. (2021)2 1A,
Mg, AT s S48 FFelM 538

5 W 2o F7E g w28 42 16.6ng/
L, 22.5ng/L, 40ng/L ¥ 4.1 ng/LE H5FGT, ATF
SAHAFL 4.6~16.0 pg/m*Z A5 Ahn et

al. (2011)-2 20063 5-E] 2008 E7}HA] ZFUE S oA
29| FANAFS S5k, A W T2
Bo7158d 55 8.8 ng/Lo|Y BT H4144

Fe 9.4 ug/m* O 2 LFEFLTE Won et al. (2019)2 A
oA Z4-La WES0 0] HAHHES =5

ST Ta =
=, T2 @ wEe20 2 Ul ForsEd 5

= Z+7} 16.9 ng/L¥} 0.042 ng/L= YUERCE $-2]Lt
a]"’ﬂ/ﬂ T dif2e] 2 FARA d4= di7]
—4 FEE sAloll S785HA] ot ti7]-22

o = 1= T I:V\M

¥ aFol o 3uzio] AA 398 oMlENE
LTI BS W 2L BEE Bl FAAHY
2 ZASITE S U] 42 et SAE A A
R R shersie S, 9 49 W 4
1, YA 2be] JTAS LAk Eat o]
F 42 39 H2E FA0 Z4stol 2 5L Fol
S48 v A G setshict

2.1 NZ 712 L =A
B AT AUE 224000 9175 Zadiet 2t

=71 stE|X| M 37 E M55



ATttt 2337 LA4Fol A 2015 7E5-E] 2018 9
G7EA] 79 o[ Entet Al =5 AFSH AL (n=103),
7] & GOMI} PBM A= 2015 8LHE] 2018
29717] 64 1A 02 AT =91). FHLE I
A2 Aol Q1A F5 0] A2 °F 1,116.83km* &, AF
Hog Eeiel £ Aot B3, 4~UT, £4

B9} 3ho] glo] St

2, A, e 9 SRS 139704 o] 4-5
= Ao 2 gels|glth
2.2 A3 L EMYy

2.2.1 7| & A20| =&

7] 5 GOM ¥ PBMO] 5EE 4 pg/m® A2
-9 w7 miize] AXgt S4o] E7Fs5tH, S
o] Eetdg o Qo F 2 F& FAA WA
=2 (reactive mercury: RM) 2.2 23]7]|% It (Gus-
tin et al., 2021). & Ao A= 10 L/min®] 55 51|
A] KC1Z2 T Y3t T4t (denuder, URG corp, US.A.)
eF 49 UH (quartz filter) S ©]-85F] 24417t 5t
712} GOM¥} PBM2 A5t HIEE Al o
E] (impactor) S A x|5}te] 2,55 2 YRS A AT
T, KClz 25 H HFrofA ZitS F5i Gomel A
F= 2 apxjere 2 MY "ErE A2k HEE ZH
of] PM, 7+ A FH = et whebA] & Aol 4] HAalk
+ PBM9| F%= PM, 50 2 Fko|th

A7 ¢ HFrde iiE g2 F ol
(parafilm) &2 U55t0] Bt (clean-bench) oA K
TE o, 49DE = petri-dishol] o] m=td
o= dFH 7 Edogl Ao Auuof 35
Boto] B4 A7HA] WE Bakskelch A7t e
HFHe ek 3718 SHAIZIHA 550°CE 7+
AA 07 2082 2 Al F 11/mind] {FFL

2 J371928 3537 (cold vapor atomic fluores-

al(f

T

1

| SARSR: 29 U $20] 55 2 M8 S4 731

cence spectrometer)?] Tekran 2537X (Tekran Instru-
ment Corporation, Toronto, Canada) 2 -3 =0} 24
=it} PBMO] A5 E A FEE = A FAEY] filter-
holdero]] o] M=k F7] StoflA] 850°C= 7FE 5
Aag-20] P2 GLZAIT F Tekran 2537XE
U= Ak vFT et A g g e ol dEatd
& Terkan 2537X Y72 Z=E o] AFH 5 550°C
oA TA] FE2IE O] A% of= 3 ZEA (Argon,
UHP 99.99%)°] ]3] A&7 =2 °]-55 1L, 253.7 nm ]

g o]t HEHAH.

Paie

2.2.2 AR A&
&% A=9] L2 ul=r MDN (mercury deposi-
tion network) |4 AF& %91 MIC-B (MIC, Thornhill,
Ontario) AF71& WP 25 2 AF7] (=
ILS, Auto-rain sampler) & ©]-8-5Ftt. ZF 7] A5
HE 42 AA 7L gztE o] Qlof, BlEe] Fom 2
719l G7F AFs o2 G, AlA o] GAdof ofsf Hl
Eo] ul2d g7t A5 2 gt o] 7152 7k
A} Sof JR-F7]9}F ¢ 53871
AAIA 734 Aol o7 @ Fe A
= 2 Zd7] (glass funnel), HIZ=

53 (teflon adapter & teflon coupling),
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(glass vapor lock), 121 PTFE (polytetrafluoroethyl-
ene) A429] 118712 Adste] Atk £, 7)
27] e 29 54 8717} o2 4 ksl
A A glol, ol AN B 4 oFE
stefstaizt 27)9] AlmE 545 (duplicate)stod
RPD (relative percent difference, %) Zr& mjetshaich
7% S8 hewt ol MRSt N 7 A
A8 (PTFE)°ll 0.08 M HCS 20 mL H7}sto] 3
g SOl e Hgt o e
8" F FA ()9l 0.5%l sigsh=
0.5% BrCl (bromine monochloride) (v/v)-& &7}5t
£ 508 Ht 2 ASHAI L) Brele 7
A|= PTFE U #H o] 4~20] = A3
FaL HCIof| o5l Ates]A] et =

ot
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732 RIS, LY, XY, o|LE, 0|8, &SR

t}. BA42 213} 50 mL conical tube®]] %A HZZ H)
Aog UF T, o] 35 W-gsto] F4 717
Hysiglon, #4279 olUl2 ZPEich
&9 Y 42 B2 CVAFSS! Brooks Rand model I1T
(Brooks Rand Instruments, Seattle, WA, USA)E ©]-&
sttt 739 A& 24 mLE 40 mL glass vialol] @31
NH,OH - HCI& 0.1 mL g7}t 245 S22 7t~ 5
AAS SnCLE 0.1 mL H7Iete] 79 W Hg*' &
Hg’o 2 A &, I4% AALTEA (N, 99.99%)
£ o]gsto] Z7|AFTh 2EE Hg"= Model 1119
SEEfof 325 % 550°Co| 2L & 7tgste] 1
I OFZ23 7} (Argon, UHP 99.99%)l| 2|3 AZ&7]
& o]FH1, 253.7 nm 2] 1S o]-8sto] HEER
o} 2 Ao 17 AlRY 3~43] HHEH o 72 =4
skl £4H F429 Bk (ng/L)E e g2 A
sttt A= 9181A1 10, 30, 50, 70, 100, 300, 500,
700, 1000 pg®] 2= A 5to] AFA-S Al2tek3la,

AL R7=0995 ol o, HA1E Aol

2.2.3 QA/QC

7] & TE D A Alm QF o) AFEEE 2
E AY 717152 EPA method 1631E2] 44|29
w2t Al H = QT (U.S.EPA, 2002). HA] Alconox
(alconox® powdered precision cleaner)S AF&5to] &
71E AIE St F, acetone (EP grade)d} Z5£4-E |8
ato] AUt I F 65~75°CollA]l 4 N HCI (EP
grade)©l| 36~48A17F SRR F 4204 A7 & %
<52 33 AFstett. 1 th& 60~70°CollA] 1%
HCI (EP grade)©ll 12A17F 53F SR H 2545 ©]
45}o] YPHZF T, 0.4% HCI (EP grade)oll B 24417F
B skl 2ear PAE FH FadielA Az
skoich dxot eaE A717= AR A7HA] &9
of 2l zjd o] X w{ e 35 Lgsto] Hstodrt.

B Ao A ARRH Tekran 2537X UlH-o] T 7j9]
S L E=] Ato] o] At H A} (relative percent difference:
RPD) ] B+t oF 3.9% 5 UEFU 1AL, 10% ©15k] gk

< UEhdl whellgt B4o] o] LoHr) R EERA

GOM % PBM =98] U= B7HE 9fsl 27119] A
FA71E Aol AAlste] 54 9 24 Axtel] 23
RPD (%) %S A75+34.1, RPD h2 242} 5.8%%) 6.5%
= APgE I A= 67t @754 = (field blank)
£ AFstal o H, GOMY} PBMO| 3 Al= a2 2t
7} 0.34£0.2pg/m* (N=14)2} 1.3+£0.5pg/m*> (N=14)2
= FAES T8 A4S A=Y 42559 RPD7}
20%7t e A= B¢ A= A4 AlLlskela,
o RPDE= 6.8+5.5%=% LFEFICE -9 Al2o] %
AR F2 Ff 0.04ng/L (N=7)Z LFEFLITY.

=
(ng/L)2} 79 (mm)2 Fot A D).
FF2 AFE o] FoE ARl AR 9 2
B719] 43 WA (0017 m)E rolZoaa At
= 31T

N

ﬂ)
m2

Wet deposition fluz (

= Hginrain (n—g) X precipitation depth (mm)

1)

8 LAY PHFS B A 2
W H1]7}15-9 7 (volume weighted mean: VWM) ==
58 ol 351UrHA 2),
ViMng/ 1) = = V]V;CQV?::.HJV? L
el
= b




EAEXL [BM SPSS Statistics 23 T2 132 o]-&
Skt FAREA == Pearson gAY AR
2] (ANOVA, analysis of variance) 5-& A5ttt H|
o] Zl5=7F 3071 mITHo] Al RS HolA| o=
Hlofl= H Rp-FARA S A,

g7 ¢ FAEE 291517] 215 NOAA (national
oceanic and atmospheric administration) | 4] |55
+ HYSPLIT4 (hybrid single-particle lagrangan inte-
grated trajectory 4) &S o]-g-oto] A A-Z Aot
%Atk HYSPLIT4 modeloll AH&% 7]/t 2= NOAA

N AFsh= 1°x 1° AAF A1 GDAS (global data
assimilation system)= ©]-85}5. 0 L2 T3} o] o
7R 39 (72A17H 2 AASHSAT Li et al. (2014)
of olstH HYSPLIT 1% A=t Y7t gt =g
(FLEXPART)®] Y7} o5 =7} 500 m A& of|A] 7}
LAt H2 aeste] SR O] k= 500
m= At B3 Q1A S AH 24 A =
9] AA-2 TSV (total spatial variance)& 215t
43| 7ok 1t &elsto] A sk

3. 2% X y%

3.1 th7| & oMt PBMS| 5=

2 AFolA 5743 GOMI PBMO| B+t Fr=
ZYZ} 3.4+4.3 pg/m*Tt 34.7 +£38.2 pg/m’Z, PBM | -5
L7 GoMeofl vl ¢F 108} =2 s g Hch 5
A A (FEE EHANA SAHE BT
GOM Fre # A9 SAH FARIAY Ha
3O en 2 W97 (Han et al., 2014; Ahn et al., 2011),
2000} FHto]] FHoA £HH PBMO| T+
4.8+8.0 pg/m’ (Ahn et al., 2011)%} 3.7+5.7 pg/m’
(Han et al.,, 2014)5 YEPH 0 2H, & Ao|x] 27

733

© Fkoll v =27
GOM=2 Hj7] A 7-A]ZHo]

okt Adddte] ofstH
Zot v A A s
L& Holx E4& F3lo] UetliH viEd Aol
A& 500 pg/m® ©1/4+e] IEEE EPHATH (Keeler et
al., 2005). = @4-‘4 SAA AR e F49] B¢
SRt 7 elE o] EA6HA] ghol AdHiAl e g w2
FTLE HQl Zow wokdch

FolA] ZAFE 420 1914 vlE oA iS5
+ GOMY] Hl&-2 Hi&9 SHutth 24 UehdA]
gk WA o2 AA| 42 viEEL] oF 45.6% 5 A4
St (Wu et al., 2016). BFH PBM 2] 749 A 42 Hf
=79 °F 32%E AR5k, Suete] 7¢g 2 vlE
AR AHE 343} FAs st soA= 212}
0.5%2F 1.0% = "¢ -2 HiES LEbATH(Wu et
al., 2016). @2 v &TFo|| = B3} PBMO] GOMO]|
Hall oF 108 oo NEEE Holes A2 T 5
B} 7oA FAE ol s o® FAHUAAY 224 S
2 AR HEoz metEnt 2juRtA &
e AP Aol oshH GOMIt PBM Atol o] Yabd
A, Ko 259t FoJRt 9] AAS Uehile
™ (Lee et al., 2019; Lee et al., 2016), 0= W2 2o
Al PBMo] BitA 0 2 AYHT= Z& AAFRI: 2
oA GOME AFE R FoJ_t 2ol & LEA]
2oLt PBM2 thE Aol Hloff A-&dol f-2fst
A £ 55 YERHATH(p-value < 0.001) (17 1).

120 30
[ GOM
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@
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SPRING SUMMER FALL WINTER
Fig. 1. Average seasonal concentration of atmospheric GOM
and PBM concentrations during the sampling period. Error

bars indicate one standard deviation.
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734 XI5, A, FXIS, OIL1Z, 0 &, BHHX|

3.2 AR OHIEY AN EY

AA7ZE et FHE F 73 2,305 mmo|™
ol EY Wi 7} 43 5mmE LFEFGTH A7)
HEe E oHIEH e Y| T2 5L Hat
2 7.8ng/L(0.1~31.0 ng/L) 2™, VWM F52 55
L 6.1ng/LO 2 APAEQITHE 1). o HIEH 541404
2Fo] WS 264.8 ng/m? (3.0~1,506.3 ng/m?) 0.2 L}

ERgth g dTellA 289 Seuete] AL, 91,
A, BFY] A W VWM F5-2 55 747 225,
16.6, 4.0, 4.1 ng/L2 YEF} (Eom et al., 2021), & A+
ol £8H VWM 52 5le= Bt AlFH =
EAL A& e HIsiA = ZA WA S-S
itz o g % U T4 Fee t7] § GOMI}
PBM 9| ‘5ol whel 29 5=t (Nguyen and Sheu,

2019), 0] & o £ AA W LHAHAHLEL 7} o}

7] -20] i R-E-S AHA]5k= GEMe| H]sf| 53t

o7} j-¢- =A YERAT} (Keeler et al., 2005). THHA
] ZA M= A E 7t e A S 0]
o AE ule F2 S E Holn, o237t o]f
= EAD A&t oA SAE A U o2 5
Ty 3T, 4, Aol Hlol =2 ahs Hel Zesw
poEc 270 Q7 Fnie vk, o) e)
Congming (7.6 ng/L)-T’J' AR s BHYon &

A< Q] Nanjing & Shanghai (10.1~30.7 ng/L)°l| H]
A= B2 T E BT (Tang et al., 2020).

H o

APATFANA Z9 39 U] 4L BEE S
o] JTAL 5 Uehfilc BrlA o] 42 A4
Y| E 2= (mercury deposition network: MDN) A =

Table 1. Seasonal VWM Hg(T) in rain, cumulative Hg wet
flux, and cumulative precipitation depth.

VWM Hg Hg Cumulative
Season in rain wet flux precipitation N
(ng/L) (ng/m?season)  depth (mm)
Spring 6.2 3,691.5 595.3 16
Summer 53 6,727.8 1,258.2 22
Fall 9.4 2,497.0 266.4 8
Winter 6.0 1,121 185.5 7
Total 6.1 14,028.3 2,305.4 53

N indicates the sample number collected for each season.

109 9] ZAAA A 2ol A] 7H-2-2Fo] 81 mm7HA]

e 104 RS
L A0 2 9t 9 o e B Aol
29 g o] YEFEOH (Prestbo and Gay, 2009;

Engle et al., 2008), F-2|U2te] A0} FFo| Ak &=
= Afoof] 9] A gdo] Uehdt o=, 2717
o A4 °‘V‘1'°] 7V A el et &2
= 7] F 529 Tt 37 flwoz deA

31tt (Ahn and Han, 2008). £ A-FoA= 739t

A5 W F2 = Abolell frola<E 0.05914 54
Hom frolshA|Rt w2 /o] e (Pearson
r=-0.29, p-value =0.035) (¢ 2).

Mﬁ% AP FOT B 1 52 FEE Fol
of ALk £ AL oNED 9 1] S
S 9}%%%4% Aole] @A r2=058>7} %
3 SAAH 20 AAS =019} ¥ &
oF, 7% Y e 55t G@%&%‘Dﬂ %’ﬂ o %8

pg/m3)ﬂr PBM?| 5= (4.8+8.0 pg/m’)7} & A7l
A S st 4 W] wfR o FAH A
g AuEy e U 52 st SARAT

2]
& A4ste 23Ae, e &7 oF 7kl 44

100

® ®e

09888 @
0 [ P Y/ S o
= \‘.\.' “’
g o S0 0o @
< s =
£ ) T
s ('Y ) === |
g 8) (] [ J
I &
= %
o
= o1} P

0.01

. A . . . A A . . 1
0 20 40 60 80 100 120 140 160 180 200
Log Precipitation depth (mm)

Fig. 2. Relationship between precipitation depth and Hg
concentration in rain.
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E7IA| 20| SARAE: L2 I 29| 5T U MUHIS SY 735
4 5 c 50
— r?=0.20 (p < 0.01) Event-based = r*=0.38 (p <0.01) Monthly-based 2 1?2053 (p<0.01) Seasonal-based
N y=1.22x+0.65 F y=1.26x+0.85 " S 457 y=086x+131
=58 o 4 % [
=4 £ NE 4.0 .
x e = (o)
S < =l (o)} 4
= o ~ —
< 2 £ X 6o
2 o) x 2 30 )
[} (3 - o -— O o o -
=g [e) Q = g 25 o) o
=3 1 o o ; o
] & o 2 © T 20
e | o
0 0 9 15
04 06 08 10 12 14 16 18 20 22 24 05 1.0 15 20 25 3.0 10 12 14 16 18 20 22 24 26 28
Log precipitation (mm) Log precipitation (mm) Log precipitation (mm)
4 T T T =5 = 5
«— = 0.58 (p <0.01) Event-based b= r?= 0.47 (p <0.01) Monthly-based 2 r*= 0.30 (p <0.01) Seasonal-based
E y=0.81x+1.63 P g 4 vy=087x+183 s y=0.79x+2.24 A
O 3 o e ol ® A N“'7 “ -
£ ® ., £ ® L e
% D 3 0y . - >
=] . S -g8e 5
=, L = S g e ]
- x X
(7} = = =
= 58 = = et
o - ] b .
I, ////‘// L 2 22 »
o -7 e > o p
o .. T 2 |-
3 B4 ® L
ok g 8
. - Jo - 1
1 [) 1 2 1.0 10 =

-0.5 0.0

Log Hg in rain (ng/L)
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Fig. 3. Correlations between precipitation depth and Hg flux (upper) and between Hg concentration in rain and Hg flux (lower)
for even-based (left), monthly-based (middle), and seasonal-based samples (right).
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