'.) Check for updates

Journal of Korean Society for Atmospheric Environment
Vol. 42, No. 2, June 2026, pp.251-267
https://doi.org/10.5572/KOSAE.2026.42.2.251

p-ISSN 1598-7132, e-ISSN 2383-5346

=
™

MO

M =H X[H2 PM, s =2 L S5 =28 &

EH7I’°:‘*" g 7182 X[ 24 H|W

SO/ 0o

Heavy Metal Composition in PM, ; Components in Areas
Surrounding Smelters and Inter-Regional Comparison Based on
Atmospheric Heavy Metal Monitoring Networks

[ -, O — — ’ [ ’ . XA0| L4 32l 32l
g 20269 3E 3%
FYR AN ATTAA LA FATAE, 89 2026 38 279

FEHQ! 20263 49 13Y
Received 3 March 2026
Revised 27 March 2026
Min-chan Jung, So-hyeon Cheon, Na-hyeon Kim, Jinsoo Choi", Accepted 13 April 2026
Minyoung Sung", Jiyun Jung", Youn-Suk Son* *Corresponding author

Tel : +82-(0)51-629-6522

Division of Earth Environmental System Science, Pukyong National University, Busan,
E-mail : sonys@pknu.ackr

Republic of Korea
UNational Institute of Environmental Research, Incheon, Republic of Korea

Abstract In this study, we analyzed the concentration characteristics of heavy metals using time-series and correlation
analyses based on data from the atmospheric heavy metal monitoring network near a smelter. Additionally, the compositional
ratios of heavy metals were examined using PM, 5 speciation monitoring data. Heavy metal concentrations were found to be
consistently higher in the vicinity of the smelter compared to reference regions, including industrial, residential, and commercial
areas. Analysis of the PM, s speciation monitoring data revealed that the compositional ratios of Pb (0.149%) and As (0.076%)
were the highest among the compared regions, with the smelter-affected area showing distinct enrichment. Furthermore,
correlation analysis within the smelter region indicated strong associations between Pb-Cd (r*=0.91) and Cd-As (r*=0.63),
suggesting possible shared emission influences for these metals. These results demonstrate that emissions from smelting
processes exert a substantial influence on local air quality and suggest that the smelter affects heavy metal pollution in the
surrounding atmosphere.
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Fig. 1. Monitoring site locations by region.
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Table 1. Monitoring network information for each region.

Site ID Location (Latitude/Longitude) Land use Mc_)nltorlng Period
site type
94, Sanam-ro, Onsan-eup, Ulju-gun, Ulsan, Republic of Korea U 19~24
(35°26'02"N 129°20'33"E) .
. . Industrial area
Site A 118, Dangwol-ro, Onsan-eup, Ulju-gun, Ulsan, Republic of Korea Axe 92.07~'23.12
(35°24'42"N 129°21'15"E) ’ )
9, Bongwol-ro 20beon-gil, Nam-gu, Ulsan, Republic of Korea . sk 110t
(35°32'04"N 129°18'28"E) Commercial area P 19~'23
788-1, Songdong-ri, Daesong-myeon, Nam-gu, Pohang-si, U 19~24
Gyeongsangbuk-do, Republic of Korea (35°58'07"N 129°21'35"E)
. 29, Cheolgangsandan-ro 130beon-gil, Daesong-myeon, Pohang-si, - , N
Site B Gyeongsangbuk-do, Republic of Korea (35°57'47"N 129°22'36"E) Industrial area A 2207~123.12
19, Jangdong Honggye-gil, Daesong-myeon, Pohang-si, o,
Gyeongsangbuk-do, Republic of Korea (35°58'06"N 129°21'36"E) P 19~23
1338, Muwang-ro, Iksan-si, Jeollabuk-do, Republic of Korea u "19~24
) (35°57'44"N 127°00'18"E) )
Site C . . . Industrial area A '22.07~'23.12
1, Inbuk-ro 32-gil, Namjung-dong, Iksansi, Jeollabuk-do,
Republic of Korea (35°56'52"N 126°57'29"E) P 19~'23
2179,G Okch d G i, G d v 19~
. , Gyeonggang-ro, Okcheon-dong, Gangneung-si, Gangwon-do, . , o
Site D Republic of Korea (37°45'30"N 128°54'1 5E) Commercial area A 22.07~'23.12
P '19~'23
73, Suchang-dong, Jung-gu, Daegu, Republic of Korea U "19~24
) (35°52'27"N 128°35'02"E) ) )
Site E . Residential area A '22.07~'23.12
55, Seongdang-ro 30-gil, Daemyeong-dong, Nam-gu, Daegu,
Republic of Korea (35°50'43"N 128°34'15"E) P "19~23
*U: Urban air quality monitoring network
** A: Atmospheric heavy metals monitoring network
*** P: PM, s chemical speciation monitoring network
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Fig. 2. Variation of PM;y and PM, 5 concentrations in Site A and Nationwide.
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Bl Cations Anions ™ Carbon species Bl Metal species =8 Unidentified

Fig. 3. Regional comparisons of PM, 5 chemical composition ratios (red: cations, yellow: anions, green: carbon, blue: metals and
black: unidentified) across different regions (PM, 5: mean % SD (min~max) ug/m?>).
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R4 FE XI2H0| PM, s N2 L 53

0.037%, 0.397%, 0.143%, 0.017%, 0.061%, 1.045%2] =
AH|E A Aol F AR =2 H]ES 7|55t
Ak Ad o] 34 7Y F Pb, As T2 FllFaS
o HjEFo] w24, i At ol a4t & ut
9= Avle wdETh(Adnan et al., 2024). SFATF Site

B (YA 2] 49 Zn, Mn, Ni, Fe Zt &-5of|A] Site
AQ] Z/JH]of| ISt 67.4%, 38.7%, 14.9%, 46.6% T+
=2 1|82 7|EF) o|#et A= iy 2| o] ol
= AR e Al A 0] B4 TN BlE=
2 (Mn, Ni 5)¢ 2 viE 5+ 5255 (Fe, Zn, Pb, Cr,
Mn)°| ol 7] el FFE 7138 5 o, Wik
ojuf F3A7FsEC et AlRA Xl%f“ﬂ Site A tH]
=2 HEE U 5 &S AARITH (Baek ef al,
2019). Site C (F-AA| <)ot Bl A] B= =0 2A
27.8~377.7% = Hl-E&& 7|52 H, Site D (4
A1) vl Aok tfREO] FFEA 39.4~
162.6% T =2 Hl-&S 7| =5k3Ith ot Cd 2 Cr
FEof| A= Site DA ZH2Z} 19.0%, 35.6% T & L}
EFELT. Site E€F H| L AJof| it ol A 15.7~
413.5% %2 58 B0, Znol ¢ 53.1% W2
H|- &2 Ueldth Site A= Pb, As 5 A& - v|EZE
714—4 A[Ao = Ay ”6_’1"*01] A “:EQOJ Z/3H]
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H S $J5te], Y9 Site A2] PM,; H =S H| W]
A A O] PM, s LR Uro] G- 2o tﬂiﬁ]*%
Ak, ol 5 7+ Sa5 Fkol aste] A9
2 =T 2 v wslah £ 32 Site A2 PM, - ol:-—E
71Eo R St BES) Hlugto s, 2|9 It FE5
T 548 Y 7IolA Hlastr] Sis AASH
o}, ol M, Y] FR4e] sl vl ol 2
Auto 2= 219 7t afolrt =AY E4E 5
Herstr] 91t Aol ofof] s ke
SH Adisrt ofUm, 2 Ao A71E T
Hatel 2199 &Y £/ Atol7t wedke 4= Qlok
FAIE B2 7EA] 1 Qle} whebA] 2 At 7])E
To] B2 arste] 219 TF A EA4S H
6]% ZF 1 2] E o)t} (Vinson ef al., 2020). Pb= 2020

ol Site A4 0.023 pg/m* 2 H] L HA; 2] < (Site-
B, C, D, E) HH] 1.6~2.94] && 5=2 7|25t E‘r
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A0
13'—1
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(})»1]\ t@i

V El & rlr

20199} 2023 o= Ef x|} H]w A] 242} 2
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7h BtA A} 2pol 7t A 2] ok A
= Al71e]l Site A ‘sEgro] /34| Hat
A AR SiAS 4= Qlrk. Ast= Site A7} 2019~2023
| Ato] AA A & 7MY w2 A8 L E FAISH
o0, v WA 2] (Site-B, C, D, E)2}2] Zf 2jo]
£ 20210 YR ofmf Site A (0.0075 pg/m’)=
S Aol Bl A9 F HATES 7153 Site
C (o 0011 pg/m?®) thH] <F 6,98 Hotom, X1s:
£ 7]E3t Site D (0.0037 pg/m*) 2t H] W 5}%-S wfof =

‘?$ 28 =& FEE 7S5 Cdol 572019~
2023) A Bt FEE A|GHEE H| W5, Site DO
A1 0.0051 pg/m*2 EFA thH] 7H =01, Site A2
Cd L& 0.0045 pg/m’2, & HAZ F7t =Tt
20209 o= Site D (0.0111 pg/m®)o 41 9] AT 5
T SV HEE o, Site A (0.0058 pg/m®) 2} H| W

Al 1.94] &8 $ZFo]t Site BOIA] 2020 =5 A<
gt A4 717E] Cd % FZE2 0.0035 pg/m’olH,
e 5 Yot Hlwohd 20209 9] e oF 3.1
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Table 3. Regional comparison values of PM, s-bound heavy metals based on Site A.

Heavy metals ‘ 2019 2020 2021 2022 2023
(X 1000 ug/m?) Location "
ean SD Mean SD Mean SD Mean SD Mean SD
Site A 15.4 6.1 22.6 314 17.9 10.9 15.5 10.8 19.9 14.3
Site B 19.2 9.3 12.7 5.4 16.2 7.8 16.1 4.0 19.3 11.9
Pb Site C 10.7 44 7.8 4.7 8.5 2.5 9.1 34 10.3 53
Site D 1.7 5.6 9.7 5.8 10.8 6.2 1.5 7.8 25.6 26.4
Site E 18.6 7.3 13.9 10.9 12,6 5.0 123 6.7 17.6 57
Site A 2.7 1.1 5.8 5.1 7.1 9.7 3.1 23 4.1 23
Site B 1.7 13 3.2 1.7 4.6 2.7 36 0.6 38 2.6
cd Site C 1.8 1.2 4.6 53 3.1 13 5.5 9.8 2.6 27
Site D 24 1.8 1.1 19.1 5.5 49 24 1.0 39 1.5
Site E 2.0 2.0 5.9 5.8 2.8 1.8 2.1 13 39 32
Site A 6.2 6.3 11.1 21.7 7.5 6.2 9.6 134 - -
Site B 36 2.8 1.9 1.1 3.0 2.5 32 23 - -
As Site C 2.0 1.1 1.6 2.1 1.1 0.6 3.0 3.1 - -
Site D 4.7 39 38 33 37 2.7 8.5 7.7 - -
Site E 2.1 1.1 1.2 0.9 1.9 1.1 2.1 14 - -
Site A 524 125 448 39.7 514 222 426 16.9 51.6 21.5
Site B 146.6 69.0 94.5 47.2 152.7 826 143.4 43.1 190.6 161.2
Zn Site C 236 6.0 135 7.1 20.1 59 222 9.4 24.9 8.4
Site D 29.1 7.8 15.2 7.6 20.2 8.9 209 7.8 20.9 7.9
Site E 126.8 51.5 77.2 36.2 116.3 73.6 104.9 76.6 116.6 56.6
Site A 23 1.8 2.0 0.7 1.8 0.9 338 49 26.1 26.9
Site B 36 1.9 29 1.1 29 1.8 4.1 1.8 219 18.9
Cr Site C 0.7 0.2 0.7 0.5 0.6 0.3 38 8.7 25.0 19.4
Site D 0.9 0.3 57 15.8 0.8 0.3 34 5.6 329 259
Site E 17 0.9 13 0.7 1.8 13 38 4.7 24.8 19.5
Site A 14.8 54 194 10.1 21.1 9.0 16.7 6.5 151 4.1
Site B 283 144 254 14.2 343 12,6 283 6.5 27.0 9.7
Mn Site C 52 15 57 3.0 7.8 27 7.8 27 10.5 4.2
Site D 7.4 2.2 6.8 33 7.2 33 6.9 3.0 6.9 26
Site E 11.0 2.7 10.7 4.4 14.5 7.4 12.7 5.2 12.7 3.6
Site A 2.9 2.7 1.4 0.9 13 1.1 1.5 0.5 27 3.6
Site B 25 15 1.6 0.8 1.9 1.0 3.1 13 3.2 2.1
Ni Site C 1.1 0.6 0.6 0.5 0.7 0.6 1.0 0.5 1.0 0.5
Site D 1.2 0.3 0.5 0.2 0.8 0.8 0.7 0.4 0.8 0.4
Site E 1.2 03 0.7 0.4 0.7 0.5 1.1 0.6 2.1 2.0
Site A 53 1.6 5.6 3.0 5.1 1.0 4.8 1.0 28.4 2.3
Site B 7.1 53 53 2.1 52 13 6.2 1.0 17.8 1.8
Cu Site C 2.8 32 2.2 4.8 23 0.9 2.7 1.0 13.2 2.6
Site D 25 33 1.9 1.8 2.1 0.9 2.1 0.7 18.0 1.2
Site E 5.1 52.1 37 28.2 38 20.7 36 30.0 18.6 235
Site A 123.7 337 100.9 439 117.8 62.4 133.8 56.3 189.7 65.3
Site B 293.6 111.8 186.2 94.0 2284 80.2 233.0 65.1 280.7 105.3
Fe Site C 68.7 11.0 44.1 235 68.9 31.5 80.5 38.0 124.7 485
Site D 90.8 26.5 47.2 222 534 27.2 76.8 42,6 100.0 411
Site E 127.6 355 74.0 315 109.9 63.7 124.7 55.1 159.4 65.4

*Values are presented after multiplication by 103,
*Values in Table 3 are standardized to the PM, 5 level at Site A.
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wor, aig X go] ARG US 7tshd, A

29 FAHYEE W5 59 FH F% g2
T} AAA5}o] sjAF 4= QI (Adnan et al., 2024). Zn2)
7%, Site B, E4] Site A°] B3}

£ 5

Site A THH] 2.5~3.78} =3t O™, Site E
B 227254 FEOR w2 3 7S5 59
20234 Site B (0.19 ug/m?)= Site A (0.052 pug/m?) ThH]
oF 3 78] 207 71 2 2JolE K At) Site A ]H]
Site BolA] A¥HA o2 =2 FLE 7|E3 Fa5
-2 Mn, Nj, Fe°|th. Mn @-5olA= 4] 7|7t &<t oF
1.3~1.94}, Niol| A& 20199 =5 AlQslale= oF 1.1~
24, Fe =0l A= A 717+ Bt oF 1.5~2.48] & 7]
53Tt Cr Al Aol A 2019~20221 &= Aol
°| 0.001~0.006 pg/m’>e] F& HLIE FActA o™,
2023d0] BE 2] HoflA] FRE 5ohe dH-E vE
With. s 9% 5= Site D (0.0329 pug/m?), Site A
(0.0261 pug/m?), Site C (0.025 ug/m?) Site E (0.025 pg/
m?), Site B (0.022 pg/m®) &2 2 =9It} Site DO
A 7P w2 B E 7155130, Site A ThH] 1.26
H =7 =59} Site A4 Pbe} AsE= A& 2 H]
A 7 A 504 dBEA M =2
FEE 7| =5 HHE Site B Al A 2 AR
GFOZ Zn, Mn, Fe, NiofJA Z|&EH o2 =2 =
2 H$ 0™, Site C= Fe2} Cdof| A, Site D= Cd2} Cr
oA B Ao Site A 33|53t ERT Site B
Znol| A Site AHTE 28f o] & FEE HIh 4t
A (Site-A, B)= Pb, Cd, As, Zn, Mn, Fe, Ni 5 =
A 594 =2 Tk e BHoloH, A2
(Site E) @ A2 (Site D) G4 15 D A viE
o] JFor AR FE(Cd, Cr)ol A Agdeta] =
= 37| & Stk oleet A= PM,s T w5
i T A9 4 viEd EAC et th2A] 7
Sk

3hS AlAFRITH(Hwang et al., 2023).
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262 YUT, T4, AL, F T, g, YRE, £24

SiteA [ Pb cd Cr Cu Mn Fe Ni As Al Ca Mg
Pb 0.0600] 0.6824| 0.2085| 0.1623| 0.2660| 0.4755| 0.0649| 0.0713] 0.0136|
cd 0.0834 0.6399 0.2393| 0.1710[ 0.2510{ 0.6334( 0.0845| 0.0697| 0.0291
Cr 0.0750 0.4645| 0.1930[ 0.4461 0.0701f 0.0201 0.0453 0.0035
Cu 0.3417| 0.1697| 0.3887| 0.4244| 0.0194 0.0919( 0.0015
Mn 0.4530] 0.7297| 0.1485| 0.0640| 0.1862 0.0663
Fe 0.1955| 0.1000 0.7120. 0.6981
Ni 0.1245|  0.0079| 0.0463| 0.0001
As 0.0573 0.0672| 0.0215
Al
Ca
Mg

Fig. 4. Correlation analysis of 11 heavy metals in the atmospheric monitoring network of Site A.

Aol A AEEH, Crif CdE 15 719 &
= |} Itk (Nawrot et al., 2020). Site E+= Zn g7}

Site AELTE £ YERE 20, o= A4 wEdgo] B
FAA G E4J7 At Znd Erolo] A& A] A7t

=|o, Bfo]o] nfrel E 2 HAMHAE Fofl 7] T2
HrE o} (Lopez et al., 2023). WakA] Site EOIA] Zn

o] FEAA £ FEE 7S AL AY HhER
L 0% 9 AT R0 GO shAw,
3.3 534 55 2E 54

/K]—_L]- Hajo

o=

Cr-Cd, Cu-Cd, As-Cd, Ni-Mn, Al-Fe, Ca-Fe, Mg-Fe,
Ca-Al, Mg-Al, Mg-Ca Z3}ol|4] ZF AZAIS= Fro] 0.6
oo & frofnet ATHAE HAAL, YA

O] oA o] AAIT G2 0.6 PIRFO R B Akt
TAIE YEFH ST 53], Pb-Cd, Ca-Fe, Ca-Al, Mg-Al,
Ca-Mg &A1 2] Zt AAAS ZH-2 0.9062, 0.8756,
0.7837, 0.8705, 0.8128% T+ Z3to] H|3] 74t Akt
PAE Uet et 33 i AlE B

% Pb-Cde] AAA47F0.90622 71
™, o]= thE Zetoll Hlsy w7t 3
o} ol T F50] FY HiEHolA 719

& ANAFT}H(Xing et al., 2020).
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Fig. 5. Variations of atmospheric heavy metals (Pb, Cd, and As) concentrations between Nationwide and Site A.

Cd, As)2 AAste] A E-A7E di7]1edEd & Site AS] H7ISEE55ET 35 5 Pb, Cd, As®] €7

[e]

T EA tis] 245ttt (Jaishankar et al., 2014).  SEE A=t B 5ot H|wst IHZE IH 5

=
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S 5 X =} o
HAR, 2L, 3714, H01%, HRIR, 284

- gul_llx_l"

off e Act. Site AS] € Pb = A= B
(0.008~0.0357 pg/m’) tH] ATEA =9t 524
T A AES A, 20239 1198 FEgk
0.4425 pg/m’0]H, T2 AL A5 7|53} 2023
| 793 tiH|sto] of 6ol F5oteleh A=o] ¥
T Pb FEe}F H|W Alofli= HE FHFEe} A
Zko] ztol7}h ghedste], AA|AQ] sk HlWE SH7l=
H72 deng AP sk ARE olgst] F7F &
251t Site ASH A=) 7F An W ot LR v

flo rob w4

WS, 2022~2023 0]l ZF A= Site AS] Pb e
(0.1109 pug/m>, 0.1696 pg/m*)*= =1-2] Pb ‘5= (0.0162
pg/m’, 0.0197 pg/m’)ol| HISke] OF 7~9ujj] 2ol & B
I}, JA| 7171ol| thsteq, Site A9 Cd2} As ERF A
= 0] Yt FEo} B Al ZF ol A 264, 2181 =
2po)7p Z F1bo] et o]=dt o] f-2 A A<
BEg Hasl] 47 onE, AR BT goR
H -5 ZPsFATT. Site AlA Cde} AsQ] 1L 5
S 7153 20239 S AW E Y, Site AS] 790l 7t

AB | APb [ ACd | AAs | BPb | BCd | Bas AC | APp | Acd | AAs [ cPp | cca | cas
A Pb 0.4755( 0.0202| 0.2065| 0.0954 A Pb 0.4755( 0.1444| 0.0576| 0.0734
A Cd 0.0750| 0.2665| 0.0938 AcCd 0.3043( 0.1537| 0.1795
A As 0.0516| 0.05308| 0.1038 A As 0.4354( 0.2391( 0.2222
B Pb 0.0964 C_Pb

B_Cd 0.0985| | c_ca

B As C_as

AD | APb [ ACd | AAs | DPb | D.Cd | D_as AE | APb | Acd | AAs | EPp | ECd | EAs
A_Pb 0.4755( 0.0001| 0.4376| 0.0418 A_Pb 0.4755( 0.0050| 0.0020| 0.0370
A Cd 0.0000| 0.3839| 0.0525 A Cd 0.0378| 0.0005| 0.0503
A As 0.0802| 0.1786| 0.1337 A As 0.2439( 0.0163( 0.1184
D_Pb 0.0129| 0.3509 E_Pb 0.0651| 0.1019
D_Cd 0.1254 E Ca 0.0036
D_As E As

Fig. 6. Correlation analysis of heavy metals (Pb, Cd, and As) in Site A and comparison sites (Site-B, C, D, and E).
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HHL FH X|HO| PM,s 42 L &

Z+o] AT FLEF0] 0.011 pg/m’, 0.0573 pg/m’2, &
2] Cd, As 9H+F FEF0] 0.0011 pg/m’, 0.0072 pg/
m’Ql 74011 H|sf 2}z oF 104, 84 =kt Al§d4-0F o
715 a3E5EY A7t 3km oJHQl A0 = u|Fo]
01-0 EH Site Aoﬂ /\1 /R]-J,}/d o] l-—_7ﬂ 1,}-_9_ T:L—“
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78wt Bl Al AA] FEto] Wil =4 715EHE
22 o S5<(Pb, Cd)o] A4 Tl A H
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A40] HiEFA T BRio] Qs AR A=, of
715 aESAY AmoAE Aha 2] ﬂ17l =
F5%(Pb, Cd, As) F=7F A=l Hlsl Hi-¢
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Pb = 7F A A Fh0] 0.90620]1L, Cd-As F= 7F
63448, 3T Fa% Tl fofm|et 4
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A& 4= Qlth(Awasthi ef al., 2017).
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