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Zoln, ALHA F4 L Bado] AAMAE B AT AHEEHIL
ATE SM&T WL F5% FHE Acid-soluble, Reducible, Oxidizable,
Residual®] % 471A 2 E7F3t+= thE 20 Wy otk Sungur et al,
2015). Tessier et al.(1979) WH2 7|EHo=x pH F4 AEolA
Exchangeable &El7} 2 % Sl A pH 59lA41¢] Carbonate 2% 3
T&3% o4, Fe-Mn Oxide @ H|, Organic and Sulfide g€, 18] Yy
A Residual FEi7bA] & SEA= TRl 1+ 2}, 2005). Tessier et

rulo

(19799 AEF2 PR S Yol A +27ke] M5 AUE F2E
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o= Agol FeAAHEAZ 9, 2020. cleelE FRE FHE
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A48 ey F7

Edod A 552 3 24 w2t 24 dolAe ol

7 GebAl =, X gE7E & el Hl&) ol Aol Atk ¢HA 3l
THKabala and Singh, 2001; Narwal et al., 1999; T. Sherene, 2010; 2%
gk 9], 2003). E¥Y &5 AIHF T ASH FEFS FE5e &9
pH H97F =X 59 E<F =2 pH HAG.79 ~ 8.33)¢F Hl=
ste2(md&4d#std, 2017), B dAFdMe BEYY 55 AATHTF
v X &e) sHeFel vl &S FavaBCsgto = A3t

THAAN = AEFSTHS &85 A7V Wol AR Ftar, 53
LAHA B ELAY Ase vt BT wEkA B AN =
E7H s 9] &3 HolHE ARESIAH. AH s TS EY
o] & AFFH ES pHol wzt =7 yetdos AyAdTd &
Astd (g5 2], 2005), & AFtol AHEEHE I ASH AR VE

2) B¢ pH7F =W T5% WA s= A3 B pH He <kl A
fjof gt
243 9)(2003)9} Tessier et al.(1979) Ao wWzw F71E, 44 o

A A e 1A E, 3ol o wheofx 2apdEd whedk
TEES AT GAAM FE257] et ddE o, HolE ¢ Al

EY pH ¢lo] & #4212 dddez & asiy. 23 53l
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[ 2-2] EYY Cd A9¥8FE T 55 FHE vl&
== X) Sl Yo .
F34& I < L
LTT
i S
f’j dA43F&%Y /)4 Exchangeable Carbonate (Fe and (Organic (Residual, e 3
25 @ Bound (%) Mn matter %) (mg/kg)
A Oxides, %) Bound, %)
4 modified BCR 12 20.6 24.5 20.8 34.1 1.5 Sungur et al., 2015
McGrath and Orron~o and
4 1 18.2 27.3 18.2 36.3 1.1
Cegarra(1992) Lavado, 2009
4 3 1 42.1 40.1 14.5 3.17 0.2 Zemberyova et al.,
modified BCR 1 29.9 59.2 8.7 2.33 0.3
1 52.3 37.3 8.6 1.75 0.2 2006
5 Shuman (1985) 1 6.0 33.1 32.3 28.6 0.4 Gray et al., 2008
Nannoni and
5 SM&T 9 58.4 8.3 16.7 8.3 0.1
Protano, 2016
6 Modified from 1 13.7 11.3 62.5 12.5 1.7 Li and Shuman,
Shuman (1985) 1 29.2 4.2 51.2 15.5 1.7 1996
5 1 315 16.7 20.6 21.1 10.2 0.2
1 12 36.8 10 29.5 11.7 0.4
1 15.7 36.5 7.4 33 7.4 0.3
modified from 1 39 19.5 7.9 27.2 6.3 0.3
1 27 28.8 5.8 30.9 7.5 0.3
Sadamoto et al. 1 39.3 94.9 51 95 57 0.2 Honma et al., 2015
(1994) 1 22.5 24.7 5.9 38 8.9 0.2
1 30.4 23.9 7.3 30 8.5 0.2
1 15.9 21.7 17.8 28 16.6 0.2
1 26.2 20.3 18.6 25 9.8 0.3

- 11 - ] &l



McLaren and
Burachevskaya et

Crawford 1 4.5 45 18.2 9.1 63.6 0.2
al.,, 2021
(1973
modified
McLaren and T. Asami et al,,
, 1 43.6 234 7.2 8.6 174 0.6
Crawford’s 1994
method (1973)
Tessier et al C.-L. Liu et al,,
1 2.6 0.5 18.0 0.5 78.3 1.9
(1979 2006
Tessier et al. A. Chlopecka and
3 16.0 20.0 12.0 0.0 52.0 0.3 )
(1979) D.C. Adriano, 1997
1 7.1 9.1 28.3 24.2 31.3 1.0
Kashemand 1 8.9 8.9 21.5 30.4 30.4 0.8 Kashem et al.,
Singh (2001) 1 14.1 19.7 19.7 16.9 29.6 0.7 2011
1 11.1 11.1 27.0 19.0 31.7 0.6

- 12 - - _iﬂ __.r



[ 2-3] EYC NI Ad¥8F& T 55 FHE vl&
ki 25}
o5& A H .
25 " g (Organic ZHAH Asa
e an zal
- A&FEH M4 Exchangeable Carbonate matter (Residual, ’ ) =
e (%) Bound (%) , ound, %) mefke
A Oxides, %)
%)
4 modified BCR 12 79 12.7 17.1 62.4 57.7 Sungur et al., 2015
McGrath and Orrofio and Lavado,
4 1 2.1 6.3 7.7 83.9 14.3
Cegarra (1992) 2009
6 Modified from 1 0.4 3.3 1.9 94.4 23.4 Ui and Sh 1996
Shuman (1985) 1 0.7 3.4 2.1 93.9 145 b and shuma,
Tessier et al.
5 1 2.2 7.1 5.3 6.8 93.2 59.6 Bose et al., 2008
(1979)
> Tessier et al. 1 0 0.6 24 0.1 754 - 0. Abollino et al.,
(1979) 0 1.9 9.5 2.8 85.8 - 2002
7 0 1.0 35 1.7 93.8 -
Tessier et al. )
5 1 14 0.2 2.7 3.9 91.9 13.3 C.-L. Liu et al., 2006
(1979
McLaren & Ladonin and
5 1 4.5 2.5 13.3 4.6 75.2 7.6 ]
Crawford Karpukhin, 2011
modified Tessier
5 sequential 30 2.4 4.6 16.3 14.0 62.7 46.1 Beygi and Jalali, 2019

extraction
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1 0.4 4.6 14.1 8.7 72.2 26.3

Tessier et al. 1 0.4 5.4 16.9 12.9 64.4 27.8 Jalali and Khanlari,
(1979) 1 1.1 13.3 23.3 11.1 51.1 9.0 2007
1 0.5 10.4 114 20.3 57.4 20.2
1 0.5 6.9 21.1 22.5 49.1 21.8
B.
Arunachalam et
1.3 0.1 35.9 30.6 32.0 Krasnodebska-Ostrega
al. (1996)
et al., 2001
_ 14 _
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[ 2-4] E<fe] Pb AAd7TF T T55 FHE HE
)3t 4+s}e)
24 Fasi sy !
) (Organic  #-F-l 3
e . - (Fe and . g .
= A&FESHH /0  Exchangeable Carbonate matter  (Residual, (mglke) =
T
% Bound (% Bound, %)
@A @ @ Oxides, %)
%)
4 modified BCR 12 11 28.2 34.7 36.1 18.7 Sungur et al., 2015
4 ICP-AES method 1 12.0 27.0 19.0 42.0 - Sipos et al., 2005
McGrath and Orrofio and Lavado,
4 1 18.7 15.5 36.1 29.7 21.9
Cegarra (1992) 2009
4 SM&T 16 0.5 10.6 46.1 42.8 16.3 ol&4d ¢, 2016
modified Shuman ]
7 1 2.0 14.7 28 55.3 9.7 Li and Shuman, 1997
(1985)
5 Tessier et al. 1 0.1 0.4 10.6 30.9 58 11.0 .
1 1 0.1 13 39.4 13.6 45.6 12.0 Liang et al., 2014
(1979) 1 0.1 9.9 31.2 8.4 50.4 12.0
5 Tessier et al. 1 9 8.3 46.2 3.8 32.1 15.6 i
(1979) 1 3.1 8.3 56.5 23.8 8.6 58.1 J. DOMANSKA, 2008
1 6.9 10.1 45.3 6.3 315 15.9
5 Silveira et al. 1 7.2 1.2 42.2 1.2 41 8.3 Nogueirol and Alleoni,
(2006) 1 11.1 19 22.2 1.9 51.9 54 2013
modified McLaren
5 and Crawford 1 8.2 3.1 24.5 20.2 44.1 30.5 T. Asami et al., 1994

(1973)
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McLaren & Ladonin and
1 0 0.8 36.2 26.2 36.7 134 )
Crawford Karpukhin, 2011
Tessier et al., A. Chlopecka and
3 6.7 6.0 24.0 10.9 52.4 26.7 )
(1979) D.C. Adriano, 1997
1 0.9 3.5 20.7 5.8 69.0 13.3
. 1 0.3 4.2 19.2 4.7 71.6 27.5
Tessier et al.
1 0.3 2.0 18.4 4.8 74.4 35.1 Tang et al., 2008
(1979 1 0.4 3.1 25.4 3.4 67.7 19.0
1 0.3 2.0 26.3 2.5 68.9 20.1
1 1.1 16.0 9.3 7.2 66.4 75.0
Salbu et al. 1 17 30.1 25.9 16.2 26.2 66.5 Jalali and Khanlari,
1 1.2 26.9 10.3 4.8 56.9 98.5
(1998) 1 1.2 24.1 13.1 14.1 476 108.0 2007
1 1.9 25.5 22.3 23.2 27.0 47.0
) Jalali and Khanboluki,
Tsai et al. (1998) 1 0.4 44 4.6 2.6 88.0 73.5 2008
1 53 5.3 21.1 15.8 52.6 19.0
Kashem and 1 3.3 3.3 20.0 13.3 60.0 30.0
Singh (2001) 1 5.3 5.3 31.6 10.5 47.4 199  [ashem et al, 2011
1 3.6 3.6 28.6 10.7 53.6 28.0
1 9.6 10.5 13.5 12.9 53.5 37.3
1 10.6 10.4 13.3 12.7 52.9 35.7
Krishnamoorthy et 1 4.6 9.5 15.7 14.4 55.9 30.5
al (1995) 1 10.6 10.4 13.3 12.7 52.9 47.9 T. Sherene, 2010
1 9.2 10.6 13.6 12.9 53.8 13.1
1 10.6 10.4 134 12.7 52.9 21.4
Arunachalam et B. Krasnodebska-
1 1.0 1.9 59.9 10.3 26.9 67.0
al. (1996) Ostrega et al., 2001
_ 16 _
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(% 2-5] Bl Zn AQEHE £ £35 FeE vlg
| ZEj A+SLE)
a5 2AH .
(Organic ~ ZFF-Hj N
) e (Fe and ) aEF L
- A&Z=Zu /N4 Exchangeable Carbonate matter  (Residual, . =
= (%) Bound (%) Bound, %) el
A Oxides, %)
%)
4 modified BCR 12 3.5 15.9 6.5 74.1 38.4 Sungur et al., 2015
4 al. (1996) 1 7.0 14.0 9.0 36.0 106 2L 1996
McGrath and Orrofio and Lavado,
4 Cegarra (1992) 1 1.8 1.3 12.3 84.6 51.4 2009
5 Elliot et al. (1990) 28 9.1 9.9 1.2 79.8 47.6 Alvarez et al., 2006
Nannoni and
5 SM&T 8 2.1 9.8 5.3 0.1 75.3
Protano, 2016
6 Modified from 1 0.1 3.6 2.5 93.8 60.0 Li and Sh 1996
Shuman (1985) 1 15 6.8 14.5 77.3 965 - and>numan,
modification of
7 the method by 1 1.8 3.0 6.9 5.0 25.7 Li and Shuman, 1997
Shuman (1985)
Krishnamurti and Gummuluru et al.,
8 ramy 1 12 12 28 57.8 20.8
Naidu (2000) 2002
5 Silveira et al., 1 6.6 0.1 39 44.2 0.1 69.2 Nogueirol and
(2006) 1 4.9 0.1 41.1 45.7 0.1 67.9 Alleoni, 2013
Tessier et al.
5 (1979) 1 11.7 8.8 47.5 6.5 17.2 142.9 Bose et al., 2008
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Tessier et al.

M. Burachevskaya

et

3 0.7 2.1 16.7 32.3 48.2 85.1
(1979 al., 2019
modified McLaren
and Crawford’s 1 4.0 10.4 19.6 9.2 56.7 118 T. Asami et al., 1994
method (1973)
McLaren & Ladonin and
1 1.1 4.6 5.2 11.2 77.9 67.2 )
Crawford method Karpukhin, 2011
1 0.3 1.3 4.8 2.9 90.7 31.3
Tessier et al. 1 0.2 2.3 3.6 4.3 89.6 44.4 Jalali and Khanlari,
1 2.1 4.0 12.5 7.1 74.3 60.6
(1979 1 0.7 5.3 7.0 6.9 80.2 88.9 2007
1 0.3 11 4.4 5.0 89.3 66.3
. Jalali and
Tsai et al. (1998) 1 0.3 0.6 1.6 1.8 95.7 108.0 .
Khanboluki, 2008
1 1.2 1.2 24.7 8.2 64.7 85.0
Kashem and Singh 1 0.9 6.3 22.3 13.4 57.1 112.0
(2001) 1 11 33 185 5.4 717 g  Kashem et al, 2011
1 0.9 1.8 25.9 8.0 63.4 112.0
Tessier et al. Khanlari and Jalali,
21 0.5 2.9 8.0 4.9 83.6 -
(1979) 2008
B.
Arunachalam et Krasnodebska-Ostreg
al. (1996) 1 6.2 18.8 36.8 9.0 29.3 133.3 .
et al., 2001
3 0.5 0.3 2.8 0.6 46.3 -
) Maryam Zahedif,
Singh et al. (1988) 3 0.2 0.1 3.6 0.6 49.9 - 2017
3 0.3 0.2 8.3 0.8 53.6 -
_ 18 _
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1. Monte-Carlo Simulation

24 tulAl FeEi2do]  Monte-Carlo  Simulationg % &3}4

FavaBCse| E&dAel mE 2 dF23E a7 A 24 ==
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e ARkt CdY MEFE 48ME 3.2 ~ 67.0%2 HYolA o
ZF 014 F5EZE JYeldo Nigl AZ5FE 57712 04 ~ 14.4%9)
HANA F+F 0.0104 22X 28 BEXE YeWt. Pbe I+
67712 0.5 ~ 41.1%°] WA FoloE 00104 21 HAEEE Y
EbTH Znol AEZ4E UIRE 0.1 ~ 25.0%9 HdA fo4F 0.1
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& oAl FHEP e AHAEE Brlskt Az A
B Ao FFE% 295 A7 EFAAHFRA A8 (Water Environment
Information System, WEIS)elA A|l&= i Sl= 2011 ~ 2020 spd 44
ZA Azl 2012 ~ 20208 HAEZSAYGEA) ArS AEEGT, E

Fol MY FFE 0UE AEge 201 A 2

o

~ 20199 H= B

|\
of
Al

A B BF A5 Baas ASate Baa el

Hlwet G, (B8 dS#t SEX/AEASH £3)2 90% A= 73 vl

EY
A

N
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]_
283st9 . olw ¢, 2 T3t7] 93] Oracle Crystal Ball A&ZEg]ofo
S

Ul A= o] 9= Monte-Carlo Simulatione Al 318}t WA H3w AAHL
5

d 2d oEg Asge] SERTE  UFHAFAL  Latin
Hypercube ME® WHOoE 247 W& 10,000 FZ3tod ALt o
C. = predicted G, . o iment distribution
ratio measured Crompartment distribution

so00 1
H
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NS S [ |
e

000 10.00 2000 30.00 40.00 50.00 60.00 70.00

(28 3-1] C,,, 9 90% A #T7F A4
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o HY7E 28 AATH Y 3-2] A2 FHEH 2F o =5

Bk 2ol Cd 3.08, Ni 15.94H, Pb 28.98), Zn 292 =&e =

B4 d& ngrliste 48e 293, Cdg Zne C,;,9 90% AEF

e W 1s 2deiy dsd g58S BAdHE 3-1 ¢80 90%
W F94gS Ni(20.89) > Pb(17.52) > Zn(15.25) > Cd(3.55) <=

1.E+01

o Measured e Predicted

3 1.E+00
=]
E
E 1.E-01
o
3 f
£ 1E-02
=
2
=
g 1.E-03 T %
c
T
o
S 1E0a
L&
s
|2 1.E-05

1.E-08

Ccd Ni Pb Zn

[28 3-2] A F A 2] Monte-Carlo Simulation 2 3%

['u‘ 3 1] Z]‘”‘T 7atzo‘/] 90% /\]ﬂ?—7]—

min max mean median
Cd 0.65 7.96 2.96 3.55
Ni 5.49 60.15 25.51 20.89
Pb 2.02 126.85 29.93 17.52
Zn 0.74 297.29 68.86 15.25
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7 A JAATHTH 3-3] 253k Hapd 2y AS3e Haak
Ztol= Cd 1.6¥), Ni 1.3u], Pb 0.78), Zn 0.6W1 2 2 o]} 91U, BE
4ol C,,9 90% AFF WY ) 1€ e FIT JZH S B
ATHE 3-2]. C,9 90% AFTZE O FUdge Cd2.8) > >
Pb(0.92) > Zn(0.68) <=2 =LA YEFSTH

Z
=
—
(@]
—
~

1.E+04
0 Measured e Predicted |

o 1.E+03
E
£
~— 1E+02
% .
v ° .
£ 101
o
2
o
£ 1E+00
=
s .
=
o 1.E-01
5]
E
2 1E-02

1.E-03

Ccd Ni Pb Zn

[18 3-3] E<ko A 2] Monte-Carlo Simulation 23}

(% 3-2] E%F ¢, 9 90% AF 77t

min max mean median
Cd 0.61 12.85 4.3 2.8
Ni 0.53 5.97 2.26 1.61
Pb 0.33 2.37 1.08 0.92
Zn 0.28 1.51 0.76 0.68
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AEel g

C
7F EAS L AR 3-4] A5 BaEwd Y A=k Hd
=40l G52 90% AHTL M W 1& et d5T d589e B
>

AHE 3-3L G0 0% AHEFIE W S Ni(1.9) > Pb1.8)
Zn(1.74) > Cd1.4) o= =AA e

1.E+05

o Measured o Predicted

1.E+04

1.E+03

1.E+02

1.E+01

1.E+00

1.E-01

Total Concentration in Sediment (mg/kg)
[ ]

1.E-02

Cd Ni Pb Zn

[28 3-4] A Eo A ¢ Monte-Carlo Simulation 23}

[% 3-3] A& C,;,2 90% A+

min max mean median
Cd 0.47 4.15 1.74 1.4
Ni 0.85 5.83 2.64 1.9
Pb 0.91 3.98 2.05 1.8
Zn 0.53 5.3 2.17 1.74
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g2 EdEX2t ¢ 3 ~ 294 HEE FavaBCse] B4 w&
AE5ZAHe] BdAol 7] wWEol =F HFE FavaBCs #h2

Aol WS FL¥L HelFT ek

(o]
o

~
o

o]
o

(%)
o

N
o

w
o

N
o

97.5th percentile value / 2.5th percentile value
=
o

Cd N Pb 2zn Cd Ni Pb Zn
PN EY XNE

[219 3-5] 28 o529 PUF
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EY FF U B, £E BFAAL A EASAY, B 47 0

W, T

F 22l Cd, Ni, Pb, Zn& 374 oA 7144 FeiE &A3A %7
oo, EY FFTolAe FEES K0 Y3 dAEH &4 FE
2 FHig o] dojdtta Fo5 tfA FElEF oA = 7HEet o
(g7 7, 2020)
[HMltotal = [HMAdis + &, [HM dis= (1 + &,)[HM”dis
O]ULH [HM dis — 1+]<;Z [Hmtotal
K,
[H]Lj]p = 1+[(d [Hmtoml
HM : heavy metal(Cd, Ni, Pb, Zn)
[HMltotal : total concentration
[HM7]dis : dissolved concentration
[HMIp : particulate concentration
K, : partition coefficient of HM (dimensionless)
24 dH9 TE&52 FUFoRE 52 o|lFHE /A ARERE,
Z1AE3 22 71Z o 4 WAl b o]sEtAl "ok B Aol A
T EYolA AZEFTE o] ssle 8544 FH 559 AT div] vl&

o] FavaBCsol wte} dvwi} JaFe e dyEuz, B¢k Asae
Z HEdHe 5L Jve AASd F5& oA F

10,0008 Al E#H o] ste], FavaBCse] #32eo w}h&
FE 0% AHT HHA TS5 2dEE AHRYT ojn &4
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&2 EF 70 EAste 884 ddH T55% FFS dgFe=
o] Atk 1 Ay, 8844 w89 PUF#2 Zn(28.4) > Pb(12.9)
> Cd(10.0) > Ni(2.80) <=2 FA YEePoHIH 3-61

Cd, Ni, Zn2 AzxFoAe] B o523 PUFgH B¢ U &4
&9 PUFgte]l wliszsiAl yelgted, ols AEFANA fai85 77t
APd A EGO AATFHF T £FHE vlEo| BEA A 18 H o
of 3t& HoFEL.

Pbe AZFol Ao B oAS543e PUFRel 73.7=%, EY W &34
&9 PUFEl 12.9¢) wlall &Ax ZA Jebwth olgigt Axe oA
AZFoAY BE qFAAr uHrtEHE olfE Cd, N, Zn&
FavaBCs9] 3&Fo] =LA *}A|skA| %k, Pb-2 FavaBCs¥rh oyl <191& <l
HEz s fFdEe 559 dFH B 9= wet EdelA
AFETE ol Fs= &

o2 ANAHEH
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3

=
=

B3l 2 A (variance)o] =3

3l Sensitivity

7
Sl= 7120 AAFHAA

AEqA 14719 wWiAHEFE

o 7)<,

71 ]

i

Index(SD

=%

71E 29 <

SI7F 0.5 o]

Fatgrel ol

S|

T
) .

ATl A

0.01 °]% 0.5 m¥rol™ H-E, 0.01 m]¥Ho]

T

|71 4 A 7k2] +50% A3}l o

ST =

<& (Water flow rate), B9

A=

J

o S2 el o

(Background Conc. for Sedi), EAHrZ&<4=(Solid runoff rate)7} =& &

t}. 714 &=4%(Basal flow rate)e] A%, Cd

ByoH, yHA mds+-ELS 25 524

HATHE 4-1].

=
=

1

1
hm )
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[ 4-1] AEF S5

pr

oY= NPT A A3t

MRS Cd Ni Pb Zn
Water flow rate 133E+00 1.35E+00 1.33E+00 1.33E+00
Available Fraction from
Soil Background Conc. 1.00E+00 9.76E-01  9.96E-01  9.94E-01
(FavaBCs)

Background Conc. for Sedi 1.00E+00 9.76E-01 9.96E-01 9.94E-01
Solid runoff rate 9.56E-01 9.48E-01 9.84E-01 9.85E-01
Basal flow rate 2.84E-02 2.13E-02  7.20E-03 = 5.00E-03

Water runoff rate 8.96E-03 6.77E-03  2.28E-03 1.58E-03
Area of Water 2.48E-04 1.61E-02 2.91E-05 1.62E-03
Depth of Water 2.48E-04 1.61E-02 2.88E-05 1.62E-03

Dry deposition velocity 6.47E-06 7.60E-06  9.42E-06 1.81E-05
Precipitation 2.27E-06 1.11E-05 3.71E-05 6.62E-05
Wet deposition velocity 2.27TE-06 1.11E-05 3.71E-05 6.62E-05

overall Mass Transfer
Coefficient for Free ion and
) 0.00E+00  0.00E+00 = 0.00E+00 @ 0.00E+00
[norganic complex
(water-sediment)
overall Mass Transfer
Coefficient for DOM complex = 0.00E+00  0.00E+00  0.00E+00 = 0.00E+00

(water-sediment)

Resuspension Velocity 0.00E+00  0.00E+00  1.15E-07 = 0.00E+00
Settling Velocity 0.00E+00  0.00E+00  1.15E-07  0.00E+00
logK, of Water 0.00E+00  0.00E+00  1.15E-07 = 0.00E+00
SS conc. In water 0.00E+00  0.00E+00  1.15E-07 = 0.00E+00

Background Conc. For Soil 0.00E+00  0.00E+00  1.15E-07 = 0.00E+00

(Z=A: SI7F 0.5 o]/
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E¢o 29E o Z4A7

rlo
ko
—r
HE
rlo
rd
b}
bt
i
f
8
v

gaixes BE EdoA EYY miAds=
A"

£2 BT, UHA uAass

[ 4-2] BF $24% odxe Wi 24 23
uj 7} 5 Cd Ni Pb Zn
Background Conc. for Sail 1.00E+00 1.00E+00 1.00E+00 1.00E+00
Depth of Surface Soil 2.84E-03 1.47E-05 1.34E-03 5.42E-04
Soil Solid Density 2.84E-03 1.47E-05 1.34E-03 = 5.42E-04
Available Fraction from Soil
2.15E-03 1.71E-04 1.02E-03 = 7.70E-04
Background Conc. (FavaBCs)
Solid runoff rate 2.12E-03  1.69E-04 1.02E-03 = 7.67E-04
pH of Soil Water 8.10E-04 2.28E-03 4.13E-05 8.71E-05
Soil Organic Matter 2.07E-05 1.13E-06  0.00E+00  5.53E-07
Water runoff rate 1.97E-05 1.13E-06 2.72E-06 1.29E-06
Area of Soil 1.15E-05 2.12E-04 1.52E-05 4.72E-04
Dry deposition velocity 1.97E-06  5.65E-07 1.63E-06 2.21E-06
Wet deposition velocity 9.86E-07 5.65E-07 5.98E-06 = 7.74E-06
Precipitation 6.57E-07 5.65E-07 5.98E-06 7.74E-06
Basal flow rate 0.00E+00  0.00E+00  0.00E+00  0.00E+00
overall Mass Transfer
Coefficient for Free ion and
0.00E+00  0.00E+00  0.00E+00  0.00E+00
[norganic complex in soil
(surface-deep)
overall Mass Transfer
Coefficient for DOM complex = 0.00E+00  0.00E+00  0.00E+00  0.00E+00
in soil (surface-deep)
Leaching rate of surface soil =~ 0.00E+00 0.00E+00  0.00E+00  0.00E+00
Depth of Deep soil 0.00E+00  0.00E+00  0.00E+00 = 0.00E+00
Leaching rate of deep soil 0.00E+00  0.00E+00  0.00E+00  0.00E+00
Background Conc. for Sedi 0.00E+00  0.00E+00  0.00E+00  0.00E+00
(E=A: SI7} 0.5 14
— 30 —



AR 2dE oS4t

(Background Conc. for Sedd)7} &2 WIHAEE HAI, YH A wj7iHs
=2 BT 92 RS EATHE 4-3]
(% 4-3] AR F24 9% g B4 A3
uj 7S Cd Ni Pb Zn
Background Conc. for Sedi 1.00E+00 1.00E+00 1.00E+00 1.00E+00
surface sediment particle
_ 5.43E-05 4.33E-06  2.61E-05 1.95E-05
burial rate
Available Fraction from Soil
5.13E-05 4.33E-06  2.53E-05 1.95E-05
Background Conc. (FavaBCs)
logK, of Sediment 3.15E-05 4.07E-06 = 1.99E-07 1.60E-04
Depth of Surface Sediment 3.00E-05 2.54E-06 1.51E-05 1.16E-05
Sediment particle mixing rate = 2.20E-05 2.04E-06  1.08E-05 8.37E-06
Background Conc. for Soil 8.500E-06 2.54E-07 3.39E-06 1.86E-06
Settling Velocity 6.50E-06 2.54E-07 3.39E-06 = 9.30E-07
deep sediment particle
. 4.00E-06 2.54E-07 1.79E-06 1.40E-06
burial rate
Depth of Deep Sediment 1.75E-06 ~ 2.54E-07  7.97E-07 = 4.65E-07
Resuspension Velocity 1.50E-06  2.54E-07 5.98E-07 = 9.30E-07
overall Mass Transfer
Coefficient for Free ion and
) 1.50E-06  2.54E-07  0.00E+00 = 9.30E-07
Inorganic complex
(water-sediment)
overall Mass Transfer
Coefficient for DOM complex = 0.00E+00  0.00E+00  0.00E+00 = 0.00E+00
(water-sediment)
Area of Sediment 0.00E+00  0.00E+00 = 1.99E-05 0.00E+00

(B A: SI7F 0.5 o4
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NE BX Az nE EZA fE&(Water flow rate), EAMF=4
%=(Solid runoff rate), B¢ AdTdFZF 5 357 ol &=H=
S-(FavaBCs), E%F2] w7 & =(Background Conc. for Soil), A E2| w7 &
S(Background Conc. for Sed)7} W57} & Ao=w AGEH
7 WA AT EE ov B®e dddTF 93 BFX7F 2AE AT
ol HZstE P w7l ALttt HFH o2 WA sE

&’L’l

=

E AL Uz A e HEER HAIE Y5
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Al 24 A3} B

PEST(Model Independent Parameter Estimation and Uncertainty
Analysis) &~ZEg ol & AR&st AS3te Hoatd 2E oASae W
@ RRE Fofl IAAFY & HLiseke iR AES A 3
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[ 4-4] B3 HZH | A8=H= A%
= Dataset 1 Dataset 2
- 37
L A | @2 | FAd | #x | @ | FAd | 32
A E T
9.71E-04 | 2.06E-02 | 1.00E-05 | 9.71E-04 | 1.84E-02 | 1.00E-05
(mg/L)
Eok
Cd 1.04E-01 | 3.71E+00 | 5.00E-02 | 1.05E-01 | 9.81E+00 | 5.00E-02
(mg/kg)
AHE
8.42E-01 | 4.25E+01 | 4.00E-02 | 8.39E-01 | 3.40E+01 | 2.00E-02
(mg/kg)
A F
1.67E-03 | 1.03E-02 | 6.00E-04 | 1.65E-03 | 7.80E-03 | 5.00E-04
(mg/L)
Bk
Ni 1.05E+01 | 9.64E+01 | 5.00E-01 | 1.05E+01 | 1.64E+02 | 2.00E-01
(mg/kg)
AE
1.94E+01 | 1.86E+02 | 1.90E+00 | 1.93E+01 | 1.77E+02 | 1.30E+00
(mg/kg)
A F
1.03E-03 | 2.77E-01 | 1.00E-05 | 1.02E-03 | 2.53E-01 | 1.00E-05
(mg/L)
Bk
Pb 2.01E+01 | 1.60E+02 | 3.30E+00 | 2.01E+01 | 2.75E+02 | 2.70E+00
(mg/kg)
qE
2.73E+01 | 2.71E+02 | 4.70E+00 | 2.73E+01 | 1.94E+02 | 1.90E+00
(mg/kg)
A F
5.01E-03 | 2.57E+00 | 7.00E-05 | 4.99E-03 | 2.56E+00 | 7.00E-05
(mg/L)
Bk
/n 8.10E+01 | 5.93E+02 | 1.81E+01 | 8.11E+01 | 7.68E+02 | 1.77E+01
(mg/kg)
AHE
1.25E+02 | 3.05E+04 | 1.40E+01 | 1.25E+02 | 1.40E+04 | 7.10E+00
(mg/kg)
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G0 7 3 AAZE 1L.15E+067° /o A H A3} o]% 1.68E+06

N

9

6
w' /2 NS gho]l FUbst o, EAREEEE V|EY By 4

rlo
b

#k 3.21E-04g/m” oA HZ 3} o]F 1.61E-04g/m’ & wi/fHS Fho] A
SEATHE 4-51].

FavaBCsatel HZA st 23, Cde 32.7%NA 30.4%=, Ni2 2.60%°l A
0.78%=, Pb 15.7% A 0.50%=, Zn 11.8%°4 0.71%2 2+ =4
AES BATHE 4-5]. E3] Pbe FavaBCs WY AL
50%% HZA 357 GREHIAEHE, ol AFFolAe Y oA S22
# 4:%k(2.65E-03mg/L)o] # A 3}o] ALg-H Dataset 19] AZF LU= ¥
T #(1.03E-03mg/L) Rt =4 UES7] £ o2 Held

2

7223t

rr

O

21 0.
ey
=X

o,

W

[ 4-5] HA 3} 23

ol 7 | = 2y AA%k HAsd
©2= (p/hr) 1.15E+06 1.68E+06
BEASESEE (¢/nf) 3.21E-04 1.61E-04
cd 32.7 30.4
EO]: ;1—'_.:-/‘01
o3 jé’_%;g; Ni 2.60 0.78
ARt v & Pb 15.7 0.50
(FavaBCs, %)
7n 11.8 0.71
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A3 A HASHE ZFY AHAE B}

Dataset 1& %3l #Zsle =¥ PRTR wl&%FS A &3t ALt
2y o S43}E Dataset 29t vlwste] HAsH mF Y AFAPES HUF
HATH AFFoNA ASghe BHEH 7IE B A5 Bk Aol

= Cd 2.8¥jl, Ni 8.0ul], Pb 75.64), Zn 34.791 31, =& o] wi7lHSF HFH
35 233 A} Cd, Ni, Pb, Zn =& Edd i) HZ3d =8 4=
Wol A= Ao FUsA Vet 1E 4-1 E¥ HEo] Ao
= AAs] AAFHEFe] FFe] A vEhg HH3 dFRe Y 45
A7t A WEEHA L9 4-2, 4-3]. HH3 A3, ZE wjA

(~f

o Dataset 2 e Default_pre x Opt_pre

— L.E+00
=
()]
£ .

1.E-01
§ [)
(1]
; [ ]
£ 1.E-02
c e X
2 .
= X
£ 1.E-03 X % X
c
[}
Q
5
S 1E-04
3
F 1E05

1.E-06

Cd Ni Pb Zn

(29 4-1] HAslE 239 AxF =8 HIt
(Dataset 2: A=3k, Default_pre: 7]& 23 o=
Opt_pre: HA3le =3 o =gk 3k

N
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Total Concentration in Soil (mg/kg)

Total Concentration in Sediment (mg/kg)

1.E+04

o Dataset 2 e Default_pre x Opt_pre
1.E+03
1.E+02
®
® X e X
1.E+01
1.E+00
[ ] X
1.E-01
1.E-02
1.E-03
cd Ni Pb n
(138 4-2] AA3E w3 B o=8 )}
(Dataset 2: AZ3k, Default_pre: 71& &8 dZzke] HH7,
Opt_pre: A stE 23 o=zt HFZhH
1.E+05
O Dataset2 o Default_pre X Opt_pre
1.E+04
1.E+03
[ ] X
1.E+02 C
e X e X
1.E+01
1.E+00
° X
1.E-01
1.E-02
Cd Ni Pb n
[17 4-3] HAslg 2y AE o5 Hr}
(Dataset 2: A =3k, Default_pre: 712 28 o =7k H+ 4,
Opt_pre: HAsd 23 o=z FFzh
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FavaBCs (%)

1.E+02

1.E+01

1.E+00

1.E-01

@ Default X Optimized
[ J
327 304
[ J
15.7 [ ]
11.8
[ J
2.60
X X
0.78 « 071
0.50

cd Ni Pb Zn

[21¥ 5-1] FavaBCsgte] ®lw
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Mz x&e) BExe HZF3lE FavaBCszkS vlwsird, Edd 23
+ Cd 1.24¥, Ni 6.339, Pb
22.6¥], Zn 4.049 2 YEelEth RE FF& B9 HH¥sAE AUt 4
28E B2 o] EA3HT SHA| T Cde] HAH st AFnte] X|dH &

=
Al
ki
o
o

N
w
B
B
Lot

N
7
Lo
N
o
rlr

X

£ o 2= Exchangeable J8] £¥ 9} H#3l9d FavaBCs#S vl st

A Th Exchangeable #BE] #xo Fd#ka HAsE Aol Aol Cd
0.52¥l), Ni 1.03u1l}, Pb 6.44%}}, Zn 1.279) 2 YE}T}.

Cd¢] 7% Exchangeable Je] E3xo] Fdzko] HZAs Ay 2z

Al #ZEo], 2y HAH FAF x4 Cde AJH Y o]ls S Z+=

Ni¢] Exchangeable e #3xo FJaa HHg da= 242 0.80%,
0.78%= 793 vl=stA Uelsal, Zns 22t 0.89%, 0.70%= e,
Nizt Zn& =3 AAH 37 o)A Exchangeable &Eje} Hl=3t o] FA

g =t FAE
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Pbe] 7% HZA3lA FavaBCszto] Exchangeable HE] X9 FUzk
A 3.22%KETH A 2 0.50%= HAAFHUT. ole EFPo| dAA A
Z7 A Pb AATHFF & TF50 3l A9 &EHA Kol A
HomeE &7 W olsdel AY glvta AdH

OExchangeable & X|2HEH| (Exchangeable+Carbonate Bound) ® X| & 3} Z 1t

70

60

50

Iy
o

FavaBCs (%)

|

10J T T T
: = S =

Cd Ni Pb Zn

[19 5-2] FavaBCse| A=3k Ex9f H43 A3 vln

A7) AGE FEE TolA FHRINAE B FFE A

Fol FavaBCsoll weh 874 SH Z2A 20 #Y=H, °1F K, &

%F9] K, %2 pH, SOM(Soil Organic Matter), ==

ol &
H

H42 3= GPF(General Purpose Freundlich)2]& Al&
ato] FAst A= H &7 438k, 2020; S. Sauvé et al., 2000). 23 ol

Ae U #Se wgez B9 T35 pHE 6.752 AAs g e,

i
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el HA3E A, 345 FavaBCsik2 Cd 30.4%, Ni 0.78%,
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grlde 43 dolEst EYRTE w2x %e ot Z AHE
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@9 - mg/L
FAA Cd Ni Pb Zn
B+t 9.82.E-04 2.10.E-03 1.02.E-03 3.76.E-02
o 2.06.E-02 1.03.E-02 2.77.E-01 2.57.E+00
HAa 1.00.E-05 5.00.E-04 1.00.E-05 7.00.E-05
N 32308 204 32461 663

[ 2] 2011 ~ 2019 H= EYSE

@9 - mg/kg
TAA Cd Ni Pb n
S i 1.84.E-01 1.36.E+01 2.46.E+01 9.36.E+01
o 9.81.E+00 1.64.E+02 2.75.E+02 7.68.E+02
H A 5.00.E-02 2.00.E-01 2.70.E+00 1.77.E+01
N 999 999 999 999
[3 3] 2012 ~ 2020d A= FHHESAY AS(EH7HAHBA|2H)
@9l - mg/kg
FAA Cd Ni Pb Zn
i 4.26.E-01 2.29.E+01 3.03.E+01 2.10.E+02
A 4.25.E+01 1.86.E+02 2.71.E+02 3.05.E+04
HaAa 2.00.E-02 1.30.E+00 1.90.E+00 7.10.E+00
N 2638 2638 2638 2638
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Abstract

The effects of the fractions of
the natural content of heavy
metals extracted by soil pore
water on the prediction of fate
and transport model for heavy
metals in the multimedia

environment

Jihyun Park
Department of Environmental Planning
The Graduate School of Environmental Studies

Seoul National University

Heavy metals emitted from various pollutants circulate and
accumulate in the ecosystem over a long period due to their

persistence, and they can cause toxicity in humans and the
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environment. When conducting the risk assessment of heavy metals,
it 1s 1mportant to quantify the concentration of heavy metals in the
environment. Although accurate concentration can be found through
sampling, the multimedia model 1s often used due to various
problems. To increase the model prediction of the concentration of
heavy metals in the environment, it 1s important to appropriately
select an Available Fraction from Soil Background Concentration
(FavaBCs) value. Finding the appropriate FavaBCs value for the
model within the range of observation in the environment cannot be
solved through improved sampling methods, so optimization should be
used to find the best FavaBCs value for the model. Therefore, this
study aims to quantitatively examine the uncertainty of the model
prediction according to the distribution of FavaBCs using a heavy
metal multimedia dynamic model and to find the suitable FavaBCs
value for the model through optimization.

As a result of optimization, the prediction of heavy metal
concentration in surface water, soil, and sediment improved by
approximately 3 to 29 times. The optimized FavaBCs values were Cd
30.4%, N1 0.78%, Pb 0.50%, and Zn 0.71%, and compared with the
distribution of observation, Cd was similar to Exchangeable and
Carbonate bound phase and Ni, Pb, and Zn were similar to
Exchangeable phase under the environmental conditions premised on
the model. As a result of quantifying the uncertainty of the model
prediction according to the distribution of FavaBCs, the PUF values
of the model prediction in the surface water were Cd 9.2, Ni 2.6, Pb
737 and Zn 27.1, and the PUF values of the dissolved phase fraction
in the natural content of heavy metals in the soil were Cd 10.0, Ni
2.80, Pb 129 and Zn 28.4. Unlike Cd, Ni, and Zn, the difference in

PUF wvalues of Pb was approximately 5.7 times. This result
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demonstrates that Pb 1s more affected by PRTR emissions than other
substances.

The results obtained from this study indicate that wusing the
representative value of sampled FavaBCs data for input parameters
with high uncertainty in model prediction was not an appropriate
method. It is better to find the FavaBCs value for the multimedia
model through optimization. The results of this study suggest that
heavy metal pollutants should be managed from the perspective of a
multimedia environment, and it may also be a reference to further

heavy metal fate and transport research.

keywords : Multimedia model, Heavy metal, Natural content,
Soil pore water, Leaching, Optimization
Student Number : 2020-25074
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