Vol. 56, Issue 5, 501-514, 2023

Economic and
. THE KOREAN SOCIETY OF
Environmental | economcano

Geology ENVIRONMENTAL GEOLOGY

pISSN : 1225-7281
elSSN : 2288-7962

Special Review on “Geological and Environmental Sciences for Sustainable Nuclear Energy”

Groundwater and Soil Pollution Caused by Forest Fires, and Its Effects
on the Distribution and Transport of Radionuclides in Subsurface
Environments: Review

Hyojin Bae', Sungwook Choung"”, Jungsun Oh? Jina Jeong®

'Research Center for Geochronology and Isotope Analysis, Korea Basic Science Institute (KBSI), Cheongju 28119, Republic of Korea
Department of Hydro Science and Engineering Research, Korea Institute of Civil Engineering and Building Technology (KICT), Goyang
10223, Republic of Korea

Department of Geology, Kyungpook National University (KNU), Daegu 41566, Republic of Korea

*Corresponding author : schoung@kbsi.re.kr
Research Highlights

ARTICLE INFORMATION - This article reviews physicochemical changes and contamination in
groundwater and soil environments of burned forest areas, and

Manuscript received 15 September 2023 provides possible scenarios for the fate and migration of

Received in revised form 10 October 2023 radionuclides in that environment.

Manuscript accepted 16 October 2023 - Medium to large scale forest fires are increasing globally so that

Available online 30 October 2023 the increase of particulate organic materials of subsurface
environments can be strongly related to the immobilization of

DOl : http://dx.doi.org/10.9719/EEG.2023.56.5.501 radionuclides in burned forest areas.

ABSTRACT

Forest fires can generate numerous pollutants through the combustion of vegetation and cause serious environmental problems. The
global warming and climate change will increase the frequency and scale of forest fires across the world. In Korea, many nuclear
power plants (NPPs) are located in the East Coast where large-scale forest fires frequently occur. Therefore, understanding the sorption
and transport characteristics of radionuclides in the forest fire areas is required against the severe accidents in NPPs. This article
reviewed the physiochemical changes and contamination of groundwater and soil environments after forest fires, and discussed
sorption and transport of radionuclides in the subsurface environment of burned forest area. We considered the geochemical factors of
subsurface environment changed by forest fire. Moreover, we highlighted the need for studies on changes and contamination of
subsurface environments caused by forest fires to understand more specific mechanisms.
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AHE A A aRlo R = ¥I7Y, B Es 5Ol
11X MA A2 sg 2 2 20l uom, 53] M= A AAA R Ao A HWEle
AFEL A AAAH e R dhyste, o g s A T2 lo] Ht} (Dijkstra et al., 2022; Miiller and Vacik,

wo] AREE QAT (Smith ot al, 2011). GlE Fol,  2017). o Hol W=, A¢Hl o HaY ol

fraolA= <17t 60,000 o] Abel SHA|7F Halkw,
F &2 A F3 x| of|A] HHAgIT} (San-Miguel-Ayanz et al.,
2022; Turco et al., 2016). Bl o}lyz} A FH = AY
slof £ AH Ax WA | 80-90%7FFo] AFa <]
of F=xjo] It (San-Miguel-Ayanz et al., 2013, 2022;
Viegas et al., 2009). v|=rol = &7t 70,0004 ©]AFS]
Abgo] WHAskaL glom, wid oF 2,800,000ha7} 3FAf &
A4 E T} (Hoover and Hanson, 2023). =+ 2] 79, A2
A& o] FEQ] OF 63%E A}A|5FaL 1.0 (Korea Forest
Service, 2021), tjd A4 HZ o] 1ha n]tofl A 100ha o]
Aol o274 TRt FEE Wi WAy gk
(Fig. 1). S50 Sha u]ghe] Aqfm AREo] 22 HlAs)
A, Falieh A2 IR 7F 23 A 73t viE
Pl HaljA 4hEo] A WSk A P st
(Korea Forest Service, 2023; Lim, 2000). AA| 2 1986
0|5 72719] th¥ AH=(>100ha, >24hr)o] =ifof s}
Rom, 15 Rk ol4o] ook Aol e Ao

£ ol ojat uralrl sha) Y91 8~13% Aok
Ao 2 Yelth (Ganteaume et al., 2013). 352} 7yt
Choll A o sl B Alle] 30-40%7) WA
Qla uhaatol, mla) i w7k & 4 WA 80%
O|AFS A} R|E= Ao R ®RI1E It (Abdollahi et al.,
2019; Wang and Anderson, 2010).

“eub AR iR Q191He] 2o ols) st
H, 7 &5, SilE, 271 W3 So] WEke] i)
ok wid A AA ARES] 90% oldo] QI FEom
Hhgshe, EAlQF E=27F S Qe AFE Aol A 3t
AN7F o A= WAskE Aol Utk (Bar et al, 2021;
Guo et al., 2017; Martinez et al., 2009; Tariq et al., 2022).
S AR} A, oS 47t Sof Q7HEo] A
o %8 99l Ao Bus, 7k WA Uk =
Al Qo] A HIETL B2 A0R Uebdth Kim et
al., 2019; Korea Forest Service, 2023). ©|]o]| = =4, 7}
o, A A2 7V B 7S 240 A 5L A" =
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Fig. 1. Annual number of forest fires and burned area in Korea from 2003 to 2022 (Data source: Korea Forest Service).
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1.2, 7|=Hstet M5

=g A AAZE A 23kt 7| sk Sast
37 EAlo] AHs) k. AlAI7]14d7]5H(World Meteo-
rological Organization, WMO)o]| w21 XL 2435}9]
GO A AT Ht 7122 Aele} o] (1850-1900
d)HC) oF 1.15(0.13)C =obx.on (WMO, 2023), 7]
S H3lof] W3t HE7T F o)A (Intergovernmental Panel on
Climate Change; IPCC)ol| A= &5 200 {(~2040 )7}A]
U} A&Ee] 4T SR A o Auth 15T
o2 wobd Ao g o4l (IPCC, 2023). o =gt
23} AE A AR o7 71 7|1 Rstel] 7] ofskeint
AFL A AR A e G ojAL
= 94 = slyo]y (Aponte et al., 2016), ZLofl= 7]
FHSPE A iES WSIA7]aL ik o e At wh
24, 2uslof| g ol 7ha, A4 el o] W3t
2 A B Aol A W gk By ARl 1
=7} Z7)5Ft} (Halofsky et al., 2020; Shi et al., 2021;
Williams et al., 2019). o|& &9, 3=+ 20224 34 &
e Aol Al wqtit AbEo] WAYSEte] 20,000ha o]/
HAo] gaE Ut} (Korea Forest Service, 2023). 2F
A ARl It 5 191 ajlojgloy, BA Az g
Ao} ZFEol E4E WEA A7) S S o
A w=o] H&iE 71 Aow wHE. 20199 55
= AF 2143519} 91 = 9F tho]& (Indian Ocean Dipole)=
QI3 ey sl Fuste] dFen I e A
IS A3 1, Black Summerg} E2j= 1 §jQ] Ab
5 AIE 58 5 FE R AdolA A gl diate

AHEo] BFASERITE (Abram et al., 2021; WMO, 2020).
2021 ofolli= mlE Hofol] Falgk Helo] WAelLL,
1 71ZF 5ot Ay oto A iy SpA|7E wAgste] oF
390,000ha] Akl WA o] AAE T (WMO, 2022). 7|
& ST} o] Tt A% A4] SR ololA 7}
B9 ofshzIR B9 Al A4 SR A §
3t} (Flannigan et al., 2016; Mansoor et al., 2022). ©]=
A= AFS 3ol FoRet AHl(&, Az d=m)E A
slelo] AbE WA W BHE SRS F71A7 4 Atk

2 5o A4 Sl A AEAE St me
A7l 8 99l F slo]n (Agbeshie et al., 2022;
Fernandez-Marcos, 2022), 71 I} 0| 4] tj7] 274 o] =2
Aoz s WA Hot dF 50, Ak S
SR RIS B vlol orf2ee] £AE fursted, b}
o|QufA0] ALE Fof F7Iet A thE] ', 1
A = (PM,5), AaAtehHs, 31 71713k (VOCs),
Al vhs o] 0@BAL ARSI B2 wEwc
(Liu et al., 2014; Reid et al., 2016) (Fig. 2). 15 &4
L oolh 4B grEe st glon], F2 s
(CO, = CO) FHE vjE= ) (Reid et al., 2005). E
gk AkE A71= t7] FollA et v Eel @&,
A} THAFBLOLA] E (peroxyacetyl nitrate) 5-0] 27 2. G2
2 WA = St} (Jaffe et al., 2020; McClure and Jaffe,
2018). &8 714 W Y4 oA g2 44
of th7| &S ASHAIZ|AL, A9 7|5 AlXH ol At
Q3RS u|F 4= It} (Paton-Walsh et al., 2005). o9& &
o1, 19954 FAuiciol A WAISE chip AHR-S 91A w7}
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Fig. 2. Emission and transport pathways of combustion products
(i.e., smoke and ash, and contaminants included in them) formed
by forest fire.

¢l bl gE5He) CO 5k F7toll 2A 7]osii e
(Wotawa and Trainer, 2000), 2019~2020d 35 AHE 7]
ZFEot A7 A B0 HEE oF 2,500ug mP2
ol 33| A o] 37 /1EA25pg mPyE WY =
el 2229tk (Akdemir et al., 2022). AR 7)o E
3t CO,, CHy, NyO 59 2474l AGt2d3kE 7
2318 4= 9lon (Liu et al,, 2014), £3] N,0= CO,°]
oF 30080] SSHE Lrke ZA L AT o Ao
2 A 2t} Mufioz et al., 2010).

olzlgt Ak ti7] et F3FE mA|l= Aol of
Uzt 83 £ 5 ARALBAOE Fae v
(Fig. 2). ol & 50, A2 e da e d+
T B B EAE ARl HA R BEY E4S #g}
Al7)aL Bk 34S @ AAIZ 4= 3T} (Fernandez-Marcos,
2022). o]t L HEHEE Aotm HFESte Tt A
st 22 YT 4= o™ (Mansilha et al., 2014,
2020; Pennino et al., 2022), A|Z374 U] tjokst o9&
o) pme} 7150 AL 0] 4 ik o ool 4
52 EYY g AR f7E el ks 7S

S AA o] B B ke fEset B9
Al 9818 Z7}A]7]aL (Abraham et al., 2017; Caon et

al., 2014), o]= AHE JHRES 24leto] Abg {99 4=
2 09 ol At} (Lewis et al., 2021; Meneses
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et al., 2019).

A B =, v 9 g eSto] dolstaL, 7%
2 2o} 5 AHAGIA F23F oS o] (Fernander-
Marcos, 2022), AF9] -5-919] 5P} A|shg= Ao Ab]o]|
A5 FF5HE F 235 7o)t} (Pennino et al., 2022;
Smith et al., 2011). W2}A] H3S}s= 7]59] g&ko w2 At
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7hAE& o o, At Ao Fd A= I3 BEY
9] H3lE AAsl= =9 Q.2lo|t} (Agbeshie et al., 2022;
Bodi et al., 2014; Certini, 2005; Hrelja et al., 2020). 9| &
o, EYY 1 AFe Bfol 9 vA= B
A S =0 wet S7EAY daE ¢ Sle
, B U st R A AAL} e BEY
=7 579 34 7H5Eke) =8 ¢¢lo] Frt (Doerr
et al., 2006). 1H=of oJsf FAHH B 2% ~240T7HA|
= B4 Wepddo] R EHTE I o] 2EoA=
AAIE = Q1o (Varela et al., 2005), Aba7} &5 2
oAM= o =& 2= (<400T)y7HA] B Aol &
A =AY 75 4= 9t} (Bryant et al., 2005).

chER AAE A e ESY 7 AR 29
=0 J&e v)E 4= k. Woods and Balfour (2010)
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o wpEw e A F(<lem)e EF B Y oA
2 gAAD 4 glon EFOR 48 RS AuY
S 9tk A ol LA FAZ A A9(-2em)el
= Q8] B S8 Felt $AH 9 nAx
WL AHOE FAL A Fo| SRS Aol BY §
22 WASAL AAAZ S Gek (Bbel et al, 2012;

Woods and Balfour, 2010).
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B3l 97159 AAE fuste] 4718 FAR ofola
A~

4= Qlt}. Litton and Santelices (2003 )= 2| 2] Nothofagus

[e}

o] HlikE A|HqHTt Zhaskles eIkl e, Certini
et al. (2011)2 ojgrg]ote] T AUSE LoflA
Zo AHE & EY f7lEe] At Zhrte] EAE T
R 7513t} Badia et al. (2014)2 23] 919] Pinus halepensis
oA T4 Axo AAES 7= AHEE 0] lem
olufe] EergolN fleker} G ek oF 14v] 2t
a3kl st

HhRlo] AHER WAE Ao Below Eof ) $71%
Fgo] B7IoRe AT Utk AR WEHE A £
(char), 125 (soot) 59 YA F7lEde xdsh=tl
(Bodi et al., 2014), 0|52 Hlo| QUi AL BoLH A4
A g ghefo] ol &7k (black carbon; BC)
oletii Gtk BCO| tHRe iz Ao Fule] EopE
of EH =3} g HAED] (Gao et al, 2018), EF §
7|&k4a F(pool) AHE FHASHHA f7E = 57T
A7 2= 9t} (Agbeshie et al., 2022). Kim et al. (2003)
= O] Fofiet ArollA AbE Y & A4 EQo]
A A] 92 Bl Blsl f7]E ol o SHi7HA|
Z715F982 <215}l o, Santin et al. (2008} 2|
Q1) zhekuzlof Aol ks ZAfsle] A AaRe u
2 A oA EoF f71eA o] A yEbgthar B
Sl olelg AT BB NAES] RS §7]
o & AaE B8l frlES AaAE 5 8o, §
1AEe] Ak SolHE BC Aol B Bolali §
718 ke 27147 2= 9e-8 AR} (Agbeshie et

T o= o ToRTE =

al., 2022; Gonzalez-Pérez et al., 2004; Huang et al., 2018).

R AR BE4FO ot 24 FEke A 4 ok
oAl E =°l, Z&(Cat vi1lE(Mg) 59 Hae 3 &
E(1,107-1484C)7F o} B0 ©J3k <eAlo] A& wi,
A2N), O 2 P25 L I 25 (2003750)
2 Qs A4 5 fA FE 4= Qlttk (DeBano, 1991).
Bormann et al. (2008} T 7= AHE o]3 67]3 U] N
o] B e glon, F& EGFolA= N gHgFol 57%
7HA] sk ckal B 15Tk Murphy et al. (2006)
A F R U] NO| A A0S Bl
SHARE, & N o] AHE T Al Zasitiets 7]
N(&, NOy, NH,)9| ke F7hete o2 Ui
o, ¢4 ol 7] N Fefo] Ah4] 7ha-eF 771 N9
27] gejo] Mko] Yelo] = 4 T} (Badia et al,
2014; Jones et al., 2015; Kutiel and Naveh, 1987; Wang
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et al., 2014). Nz} &), Q1(P)2 3 27} 774C =2 H]
WA o} o] ot £Alo] How, A4S Fa| 1]
el 2 A2E 4 Q) (Badia et al., 2014; Certini, 2005;
DeBano, 1991).

Huk opuef, AHE & A4 EFoA AZERE(K), UYE
F(Na), Ca, Mg & 58 Fo|-&2] F7P7} th4= HarE gl
=, Bl HAH e Fol=o] FHato]l AAL
2 Eopo] gfol TS F7M2 4 AUt} (Badia et al,
2014; Bodi et al., 2014). 3}A|ql, A7) A o7 27|31 9F
ol A, A oz A A} HEol HAyske
A A FEo R FoAY 1dE 4= Qv (Agbeshie
et al., 2022; Hrelja et al., 2020). Alauzis et al. (2004)<
AR Y 2 F Ad EQRlA R ool el 37t
2 BESGon, 2 F Ak A £E0E AASAS
£ HojF9lth Kim et al. (2003)2 AHE9] JgkS who
Tl AlZtol| whE 8 Fol2(K, Na, Ca, Mg)®] ¢
T IS WS, S Y & BEE BE ool
29 gapol Z71sgon], SAY Follts fET moR
o we @g AR Aow e,
3EOHE B4 (CaCOoy) =8 Fol22] Abs}
2 9 SuBlEe Eofel pHE F7HIY 4 qlow, of
2] Aol A the & 958 pH S717F Rl It (Fultz
et al., 2016; Iglesias et al., 1997; Litton and Santelices,
2003). 2718 B9} pHE B9} ) 940 g, o
A, a3 4% 7heAgel G w1A 4 ek (Neina,
2019). A& =01, Pi= pH6~Tol|A E3li=7} 2|7} =,
A F pH F7h2 Pl §3E W A 7hgA0] 37}
3 4= Qlc} (Certini, 2005). 1, 4Hgo] o3 EFo] pH
wsh s Eobel 27 pH, HUH Aol i 2 9%,
Eope] pH 9% 59, /1% W% 5o Jare Wit
(Agbeshie et al., 2022; Bodi et al., 2014; Litton and
Santelices, 2003). 5 E°1, 7|14 EFCpH 7.5)004]
AR AR EF] pH WH3to]l ALY JFFS w|x|A| ¢
QItl (Badia et al., 2014).

Fol mI 5 (CECHS oo] A% o ool e
& Bgstn FEshe Yol Waw £ S4o= M=
FEY 7180 B9 CEC 340 83 8% gt
(Agegnehu et al., 2017; Kaiser et al., 2008). ©|2|3t H&E
FEL B 7182 ARE A A dof| Qe M EA
U a4d 5 glon, 53] BEY f71E8 AEF= H|
s ol 2lokstel Bp Alaret 4lo] WA 4= Slk
(Ulery et al., 2017; Zavala et al., 2014). o]= A& S

2 A 29 E9FO] CEC #2E 2T 4= 9t} vy,
Aol 23kE BC 59 AAA S7|EAL Bk 87|&
FFS Z7HAA CEC7F ot &= Qlrk. AAI R Alexakis
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et al. (2021)3} Iglesias et al. (1997)2 AHE & A4 X
ojo] CEC 27}= ®uagt).

3, ARS A BN tloket odERS o)
oz viEstar, A4 9 54 F2H(deposition)S -5-3f
QHEAS EoFo g F5ttt (Abraham et al., 2017;
Maliszewska-Kordybach, 1999). Kim et al. (2003)2 32
gt e 3 AhE 2|99 thgl ks ©3kaea(PAHs) B
7h AHE 9 A 9Eot 108 ol A yetsten, &
A3}t F-p-thol &4l W ol =FTHPCDD/Fs) °F 2
v} A= Zristgcta B skt Sojinu et al. (2011)
FESH AR 2| oA Zdf 10 FE2] PAH S715 Hil
sFGiTh. Alexakis (2020)= HA4x A Ho] Bk}t Afo|A]
ZHMn), = (Pb), oF1(Zn) 5 5748 Ta559 o] =7
HERd 22 &lsl4 ). Jovanovic et al. (2011)2 AHE:
A9 o] Eofoll thsfl Zni} Pbo] F7H5 HALSHRIT). Pereira
and Ubeda (2010)%= AMHE2 AAE oA 5o} Lpo =
=% TS S0, dFulE(A)e] A=HE 7t
o] WEEH, Zne Bl A A2 Fog FEE= A
91519l PCDD/Fs, PAHs 59| 224 97] ¢4
APOPST 5H FEES £ 4T B A%4,
A ZH 0= ST QA Aol IAHOR B 7}
@1t} (Eljarrat and Barceld, 2003; Silva et al., 2015).
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o, o= i A B At fdE Aol =
A~

& gl o] o] IEE|o] Y3t A o 2 ek} (Mansilha
et al., 2019, 2020). E3F, A4 7o) ZakrofA Ttz
Aete] e eufo] ek PAH 557} FEEch
unE Wi} Qov, 5o fel At we PARS| &
=7 AtA o2 =4 UEelytt (Mansilha et al., 2014,
2019, 2020). A3} | PAH S5 v)7} & & Z7la}
o Zof ATATE o= A2 Yekylth (Mansilha
et al., 2019, 2020).
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re

4. M= XY ES-X|otr SE0M LAY oH
Zo| 2x U A5
o —_ =< o

AL A ofst, 214 Akl 5 chy
7} R AR, Aol FA 14
ToF g ol7]7] e A Take] WAL
Tlo} Bz wEslel PESIT YA 0oL
ok7]stc} (Yoschenko et al., 2018) (Fig. 3). & %]
ol WAl #E 59 shtel Al(Cs)ye YA Al =
71o] b WEEH 71 vi7](30.24)E THAlE 84
HAM HFCR & oA T2 17F ol FEHE
ZA%1c} (Fuller et al., 2015; Nakao et al., 2014; Park et
al., 2019). W=4 Cse= J2HS Foff Ef A8k 24
o2 FoAEo] A3 iAo} FeAgstHA 4 | F
oF 2ol EAE 4= qlow, AEe] I I
Lol Ko fARRE 3Fekal 54 7HAAL Qlo] AlE
£ Sl Yol ARER o]Fsto] AtA =g o ok

A4 v A F AEFES A5 ANA CsE Z5H
Faols A9 SR, ARk o= ket Cs 32F 2+
gE 7HAH dFolAE F3E PR A F(frayed
edge site)> Csof thste] =2 AEHS 7HA]= Ao&
Hx]o] ¢lth (de Koning and Comans, 2004; Park et
al, 2019). ¥, E f7182 JEFES Cs &= W
sfjgtctar & A Qlth (Dumat et al.,, 1997; Koarashi et
al., 2012). o9& 59, Z94H(fulvic acid), F2]4H humic
acid)t} 22 B 971 BS pHoll o8] Sajwst 2o
] (Gaffney et al., 1996) UHFAQl EoF 4 X|3}4 pH
oA F2 Gl dEHE S 5 e, & F
BjO] 7|52 A EdE=0] F2F A& AAsHA Y (Tameta
et al., 2021) Cse} Aglsto] Z=o|t = ZA5HHA
Cso F2s AAlsta o]sd= S7HZE & AUtk
(Nakamaru et al., 2007).
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Fig. 3. Estimates of radionuclide emissions from the Chernobyl and Fukushima nuclear accidents (Data source: Steinhauser et al., 2014).

5ol I ol M= EEhd 4 ok dlE 50, AHEE
Z71E pHe BEOF YA 31 241515 57X A (Naidu
et al,, 1997) Eckol| Cs& 1A} SALS A AAZ 4=
Qlt}. Bouzidi et al. (2010} E9F9] pH7| Z7|5to] w
2F B Cs &2t 50| =Sl e, pH~1004 %
o F2 Ba&S Holil o]% Fasiiirtal HuskRit
Giannakopoulou et al. (2007)2 pH89|| A Cso]| tfjglt EoF
o] o FAFS el

ERE, Aol 23 BC 59 UAME 7182 gibdle
B o] SHsHE W =of gk §aljert R £3)
2} skek#] WHEgo 738l (Ahmad et al., 2014; Kuzyakov
et al.,, 2014) @2 7|7F rAA O 2 EF A of EAf5}
A Aoz CsE AUtk CE =
6], Hamilton et al. (2016)2 BC} 2 EF9] Cs T2t
S H|Wsle 1, BCO &2 &8ko] 108 Ax 2 AL &
215}t Shao et al. (2021)2 BCE d715F EoFol A $-
T3t Cs Y2 Holom AlEo] tigh Cs o]-8-&°] 4
4eficha Ruelgch BCS) B2 F4 5L A
29} AAE TR B 2H27) (9], -COOH, C=0, -OH
S)°ll 719151 (Jeon et al., 2017; Khandaker et al., 2018;
Pipiska et al., 2020) (Fig. 4), 94 &=%= BCY o]g3t
S0 9%&= vE 4= vk (Ahmad et al, 2014). o=
Sof, da L&} 300004 T000R Z7lshwA] W
o] OH7|= H4stH, thad F+27F Wdshs Zlee |
L= Q) (Yamagishi et al., 2019). AHE-0] QI 3}A] Y
Sz ROl Hel BOL 42 4 9l (Schmid
et al, 1999), 0] 5-& EOFO| Cs H2F §2L Z71A]A Cs
of o5& AT 4 o

SHT, 82 97120 ZAE B

o BH AW A 5 9o

e s
Faeta AT %

col B3E Wl Cs
™ (Ahmad et al., 2014),

BCE Cs 9 thg 7] € 7] ogdEiE 1A 5
Qlo] (Zhang et al., 2013) AA| 2= Cs Zzlo] A|gHAY
Gk Bl 34 ol2S WA WEW R B3
HAYZE A7) W] Cs B2k el Bnw 2t
o 4= QIt} (Ahmad et al., 2014). Alct7E, AollA H&=H

o] (K", Ca®’, Mg™, Na" 5)& Cso} AALS E3f Cs
o] FA& Welld 4= qlow, AupHor xFeH oA
Cs9] o|F Ao X =713 4= It} Galambos et al.
(2009)°] w2, HA li(cf Na)e] A= HEY
o|EQ] Cs T& A&S HaAFoH, Na k= Ca’'7}
Cs T2 37 9A| o]—»“:_‘— Ao 2 el Bouzidi et al.
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Fig. 4. Conceptual illustration of cesium sorption mechanism of
black carbon (BC) (adapted from Ahmad et al., 2014).
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(2010)& Ain Oussera ESFof|A] Cs TZlof tfjgt ofo|e
(K', Na*, Ca*', Mg’"9] g3ke xAbslglar, K > Ca™
> Mg™ > Na' &4 2 Cs F2H& Wafsl= AL ghelst
Atk Cs F2fo| tigh KO &2 B4 A= Csof A
QF o] gl =3} ¥ o] 711t

Csit T ¥ AL 27] WEwFo] =& WA ofo]
Ld(el, L P §7I7E 247 1,5708d 3 8 2
P10 79 R 7L @AWk 31 o %] 9] BAI(E,,.=606keV)
& W=t ule Gefdt AF F shtoln], = A
pAl oA ghol 154.4keVE H|w A & FafstA|rt 71
W7 = Qs g Al A1t 9% uE 4 Slek
(Hou et al., 2009, 2013). W= = 33} A= 23
AWE 58 5 glon], F2 A6 FHEo] thop
gt 7PAbA Aska) RS kel 2= 9tk (Xu et al., 2013).
A g olA = s 2Hd o] Ataleh e 9et pH =
of we} ofo] L H3H=(T), ofel T4t H(105), ¥4 (ly)
| 7] ofoled & ot ook (species) o= =T

Q1o (Shetaya et al., 2012), & 273 0f HE3£st 4= 3]
% ARl Fol=A AFom sfekFol wet A58
oA 1¢] o]F/do] Hepd 4= Ut dlE =01, A5
oA 105+ THE & FAEY A& Holn, oo
gt W A7 B E it (Dai et al., 2009; Fukui et
al., 1996; Li et al., 2017). 3}A|qF, AAESFS HAEDE
Hol - S4s}, F7l4k o= Qb JE'#OI =35k
= Wi §lo] Fol=of tisto] W& X3teS Holw, u}
2hA 2SOl A 18] 2] Xﬂfﬂx—iolﬂ o]F/do] Ul
9 =1} (Tournassat et al., 2007; Xu et al., 2003).
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of 1 114 W 0|54 o] TR AL T 4 90
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Muramatsu et al.,

oA detolEZ} Iofl tigte] AR & FAFS 7HA7]

T 3t} (Kaplan et al., 2000).
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Fig. 5. Distribution coefficient (K,) of iodine (I0; and I') and cesium (Cs") in different sorption materials (Data source: Bae et al.,

2022; Choung et al., 2013; Giannakopoulou et al., 2012; Hakem et al., 2000; Jeon et al., 2017; Zhang et al.,

2018).
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