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ABSTRACT

Biotic ligand model (BLM) and species sensitivity distribution (SSD) were used to determine the site-specific Cu
threshold concentration (5% hazardous concentration; HCS) in soil pore water. Model parameters for Cu-BLM were
collected for six plants, one collembola, and two earthworms from published literatures. Half maximal effective
concentration (ECso{Cu’'}), expressed as Cu?" activity, was calculated based on activities of major cations and the
collected Cu-BLM parameters. The ECs5o{Cu®*"} varied from 2nM to 251 uM according to the variation in
environmental factors of soil pore water (pH, major cation/anion concentrations) and the type of species. Hazardous
activity for 5% (HAS) and HCS calculated from SSD varied from 0.076 to 0.4 pg/L and 0.4 to 83.4 pg/L, respectively.
HAS and HCS significantly decreased with the increase in pH in the region with pH less than 7 due to the decrease in
competition with H" and Cu?*. In the region with pH more than 7, HC5 increased with the increase in pH due to the
formation of complexes of Cu with inorganic ligands. In the presence of dissolved organic carbon (DOC), Cu and DOC
form a complex, which decreases Cu*" activity in soil pore water, resulting in up to 292-fold increase in HC5 from 0.48
to 140 pg/L.
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L Cu ¥ Ni2 73 B SAo] F=<=(pore water)
-4 5402 g 4 Jvh= A 31l terrestrial biotic
ligand model(TBLM)S AIRISIAIL Thesl B A&
218 7Fsshe RIS o= EYe] g3 54
9 2dolge] S Wof EF IKEREH I=5-E &
gElo] U Ta5 o]o] AEAld AR R 54
3o uEsls Ao, pH, 78 %ol Fx g
7€k (dissolved organic carbon; DOC) F=2} 2
Clan 144 AP SEEY AR 54 2 9Y
7NE F 922 gk (Lock and Janssen, 2003; An
et al, 2012; An et al, 2015). ©]9} 2°], BLMS
Al Bk ojel EGEST) B8R dFS st
o A SolFl E"*%;\L(ECSO)— aHoR 5T
Ao}, T BETO gk AARkS v R By 1)
ZHEE 248l EC50S APEsl] miiel, el
g} G e LEEdd gt IIEE WgEA] K=
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Z WZE E3(species sensitivity distribution; SSD)
A O AETY =483 T2 (toxicological
endpointys ©]-83t FHIERIEIAE EAIFOZH
A =T 5% HHF FEY ke, %
hazardous concentration; HC5)E AH4 $HTH(Wheeler et
al,, 2002). 5, LFEH] et =Tl vA= IF
< =] we} wjdst] &-8-5%(threshold concen-
tration)S Ao =M BETF ] AEieHy Fgds &
Bapaa} she Whgolth

B ATolrke BLME} SSDE ZEle] 8% Solo
2 Hsk= cuel SAZREC50E Cuoll thet BF A=
T UHAEE W3 355 S8 EEHO5)E B33
T} SSD BAIE fliMe o] eSSl tigk 5497t
7} Fasp] widdl, gkt B AEF tis] BLM
SefrE7t 71 Bol BarEe] = CuEs i dEEd
2 A17931 ) (Steenbergen et al., 2005; Thakali et al.,
2006a; Thakali et al., 2006b; Luo et al, 2008;
Nakanishi 2010; Le et al, 2012; Ardestani
and van Gestel., 2013; Chen et al., 2013). ©@ A&
ol 3t SAGECSORE Algshs BLMO| THe
SSDE st Hegtomm, EYF 354 W %0
(ie., pH, T8 ¥el22] F%, DOC Ty} Cuel AH
=40l mAlE TS é}dﬁ} ok o}, 35
SR T HCsOll Frefsh 5 7Ae RS g
A 4L S8l vletslar, 21 offroll wial aEsisitt.

et al.,
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A 5 ol w3 cush HATIRIRET} A4S 2
(complexesy> BLY} 23S 4 glovZ | Cu*(free Cu
onsy} a8 SHFEFel. 9, cue] BHE
(activity)Z EHEE EC50(EC5{Cu*}) 2] ) 53
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soe] 54 T2 e el ke S,
Z, K@ fon™ s S8E3E F9 24,

(2)0]] A E/\qoﬂ—%k?_];q,_(le FQ 01:0],‘9__)9] A%
Ao ZR M3sh= EC50(ECs{Cu*})S d=g 4=
2ATHJho et al., 2011; An et al, 2012). ¥ AFoxE
H

e B9 ARl sl B30 G we)
Cudl FHEY oSS 98, BARAE F) AE 65

(Vitis vinifera((ES), Triticum aestivum(), Lycopersicon
esculentum(BEVFE), Lactuca  sativa(P3F),
vulgare (R2)), Funaria hygrometrica(®)7))), Z&7] 1%
(Folsomia candida) 2 A7) 2% (Eisenia fetida(EAH
o), Aporrectodea caliginosa(@MAFol)ell i3k BLM
2N (Kyg, foun™ ) THSFATHTable 1).
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Table 1. Biotic ligand model parameters for the prediction of acute Cu toxicity in several terrestrial organisms

Log Kyp; (L/mol)*

Test species s ca Mg Na* = S50% References

Vitis vinifera 3.56 -b 2.58 - - 0.0046 Chen et al., 2013

Triticum aestivum 6.28 243 3.34 NA® NA 0.436 Luo et al., 2008

Lycopersicon esculentum 5.65 NA NA - 438 0.05 Thakali et al., 2006b

Lactuca sativa 7.4 NA NA NA 6.27 0.36 Le et al., 2012

Hordeum vulgare 7.41 NA NA - 6.48 0.05 Thakali et al., 2006a
Folsomia candida 5.19 2.12 - - 5.04 0.14 Ardestani and van Gestel., 2013
Funaria hygrometrica 2.98 3.38 - - 4.17 0.01 Nakanishi et al., 2010

Eisenia fetida 6.5 NA NA - 59 0.05 Thakali et al., 2006b
Aporrectodea caliginosa 5.9 - - 2.97 4.61 0.2 Steenbergen et al., 2005

# Conditional equilibrium constant between copper or major cations and biotic ligand in the cell memebrane of organisms
® The symbol ‘~’ represents that the competition effect of major cations was not investigated.

¢ NA =not affected

2.2. EQF B3 M X2 =& U speciation modelS

EY 32 54 AFEE Kwon et al(2015)2] A4
A2 HE 28319 cH(Table S1). Kwon et al.(2015)
TH BFFEAIAL Q1 A|Fe] =3 QoA AFHg 16
N EGEA: A-PyoZHE d4lie] WH(Edmunds and
Bath, 1976)S ©l83ly IF5E F=3laL AP, Ca”,
Mg*, K', Na', Cu**, SO, CI, NO; ¢ F o 5%
2 pH 4 AFHE AAS vF k. $HH, Kwon et
al.(2015)°] A7 = F= Ul DOC T=5 SH3HA
2%7] wWEel, £ AelAE DOCY F=7F EC50 4
%k 2 SSDEHE AkEE HAS 2 HCSl vX=
s etsr] S8, 41 A-HA, €, E # LY 35
Z¥zol| tisl DOC F=7F 1.5, 54 2 12 mg-C/LZ
Halsk= A8 713 DOC T2 M= Sauvé
et al.(2000)] A7 Frste] ARSI

55 54 AEE Cu-BLMol| A831e] g B
2 AR F=l tidE Cu®l ECS0(ECs{Cu* D&
232}, Visual MINTEQ 3.1(Gustafsson, 2014)%
ARgSle] 32 W 2 dol2(ie., Ca’t, Mg®, Na',
H)Y =S AARIATHTable S2). th7] CO, ¥
(Pcoaye 0.00038 atm©E 7PZ3I3AaL, dEd o259
718} 8 (charge balance)©] 4] &b+ 7%, CI'9} SO
£ 3:1(mol.: mol.)2] BIE&E F7FSIHtH(Thakali et al.,
2006a). &=17]E2 (dissolved organic matter; DOM)2]
o= DOC 359 2= 7PE81al, DOME Fulitk
(humic acid; HA)Y B8Xkfulvic acid; FA)©] 5:59]
THIE o] F YAl 7SIt (Cances et al., 2003).

¥ o2

2.3. SSD EA|E S8 HAS ¥ HC5 &

SSDE AE F Fdo] QHdEdd o) S4YTS W
= ARE 7 A& A48 $2 (e, no observed
effective concentration(NOEC), x% effective concentration
(ECx)?] FHTEEE 5= ndd Zol. gukde
2 SSDY| 9% mElFE-s %] VIFoE Hdsio
95%2] AE T Fdo] RS F v FEHCS)E
AAslr] I8l ARSI (Wheeler et al., 2002). ©]EA
T=9 HCSE AESsidgrtE 918 A57ddFs=
(predicted no effective concentration; PNEC)ZH# &
o). ZHEH 78 (national institute of environmental
research; NIER) SSD T Z2AEZ wyog T=H
HC5 A2 PNECE A2SITHNIER, 2014).

B dyolde E2AE Bl 1% Cu-BLM 2t
HEE o]8sl 354 Sl wet AR ECs{Cu™}
< =33, ©]& ETX 2.0(Van Vlaardingen et al,
2004l tidete] SSDE =AlE. &, A% 3= Al
Z9E Bl 2@ AvelMe £35 Bl ¥2) pH,
4r2ole F5= 2 DOC F5Z Visual MINTEQ 3.19]
HEg3le] oo FAHTE &3, ol2 4] 2pl Uiy
sle] AAEE ECs{Cu’' e Qi FAHSEREE g
Aolet. =] sk Qe dm7e] 7A1A R Tl &
g TFA(NIER, 2014y 47 oldo] EAE &7
(e.g, PIUE, HERF, FEZIF, AFolirelr Ha
o] EARE FH A9l SSDE =AE & ok
I AIBRAL Atk & Aol 2ARRE Cu-BLM 371
el &ske 9%l gk SAERNS AlgsE =, &
E24 A L3133 7 Hprobabilistic ecological risk assess-
ment)E $J3F Tl SSD EA] 7S TS| ESIAR
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£ AFelxe EERIXIY] d3fo] SSDEHE EEHE
HC3oll PIXe QaFs AFslslaial SSDE EAsH &
A5kt

Ao mEpA] ekl RS fE B Allade Cu-
BLMC 2XE o=H EC;{Cu® 1S B3 =% HCSE
5% hazardous activity(HAS)Z st sld HA57}
=Z9 ¥ EAE speciation model?] YT FO=
Fa, Cud ¥ F=E tskA HIAITIEA Akt
Cue] &4%7F HASSE 2ol Cudl (e, 39
W Cud] ¥ F5F 9rshE HCSE Aolsisiltt. Hegh
TEERIRS] 3 S B3] HASE HCSZE A|ALFSH
AL, o] 3= Ul Cu 38s==2 &3t} gt

I 544 mE AFE HCSE 359 Wl Cuel
ZF FE([Cul,wet Hladte] fal A 4=(hazard quotient,
HQE AFg&o=x, EY 3= U Cud] AEi=d8%
FEFS e 7 AT (3).

MEC _[Cul,, 3)
PNEC  HCS

HQO=

o714, MECE S4=Z5%(measured exposure con-
centration)°|th. HQ7} 15 dv A2 3= W Cuwt
EYG AT 549%E 714, BET] 95%7F ks
TFoE IR 13e orjgitt
3.8 & mE
3.1. Cu-BLMI} S5 §4 XIEE 0|8 EC50 0o
B9 T 5A(Table S1O-ZHE AR
o] 29] A% (Table S2)5 Cu-BLMS] &
g3ate] 7+ EG Asol mE AFEEFT 5§
ECs5{Cu*"}& TZ&}ATHTable 2). EC5{Cu*}2 77}
Aol thel M= BEl(H. vulgarey’}, 870 A3l thalir
= EulE(L esculentumy’}, V) Aol tside E=
(V. viniferayt 9N EG A=EF 5 7P S0P O3
gh ks UERith ol 355 5749 wisglel wet A
=59 cuwll gk 54 Tsrt 9k 4 s o)
sitk. gk, shtel AEE disl 1o A IS5
58S ARSe] dS3 ECs(Cu™ye] Hdigkat Hagk
o] HlZ Ak A3l Table 2), 1.76~27552] 7S JeR
o} ol MK E=T 5A)0 FFo] 3 BEFTY =

AAZHECs{Cu* S A 27550 H3AZ 5= AL 9

)

L% N
ox Hl o
[

Table 2. Half maximal effective concentration (ECs,{Cu*"}) values predicted using Cu-BLM

ECs{Cu*"} (uM)*

Test species

MDR®

B C D E F G

I J K L M N o P

Vitis

. 147 156 240 145
vinifera

1.91° 1.98

Triticum

. .13 1.09 3.03 0.763 2.00 2.09
aestivum

Lycopersicon

1.62 225 155 150 1.53

1.16  2.55

1.62 206 136 1.58 203 1.76

1.04 0926 1.12 1.13 215 0.699 1.19 217 433

0.407 0.194 0.118 0370 2.64 0.682 0.146 0.669 0.490 0.230 0.318 0.292 0.120 0.118 0.118 0.145 224

esculentum

Lactuca

. 429 1.14 0.024 3.74 372 834 0439
sativa

Hordeum

0.635 0.168 0.002 0.553 5.51 1.24 0.064
vulgare

Folsomia

. 133 436 1.75 114 104 245 234
candida

Funaria 111 519 137 316 251 130 379
hygrometrica
FEisenia
fetida
Aporrectodea
caliginosa

1.37 0372 0.017 1.19 11.8 2.65 0.149

815 5.52

24.0

1.71 0.700 0.567 1.60 12.0 3.50 0.503 3.09 2.07 0.906 1.56

1.68 297 259 0.051 0.023 0.023 0.430 1617

0.817 0.248 0.440 0.383 0.006 0.002 0.002 0.062 2755

164 577 950 826 151 121 134 266 86.0

592 414 751 382 806 395 634 101 794
1.76 0.543 0.953 0.832 0.026 0.017 0.017 0.146 694

1.19 0.491 0518 0.457 0.834 26.3

# Expressed as free Cu ion acitivity

® MDR = maximum difference ratio (i.e., the highest EC50 value divided by the lowest EC50 value in a single test species)
¢ Underline indicates the most sensitive species with the lowest EC50 value in a single sampling point.
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3.2. HA5 % HC5 P4 & pHe| A&t

3.9 ECs{Cu*' 1S vEoe =z 7} AEE SSDE
A5l HAS @ HCSE =231 th(Table 3). HAS
HC5 #2 AFel wet Z2b 0.076~39.4 pg/L
04-834 pg/Le] BIE R} Hubyow g4
Cudl B4EE %3P HASY Hlg] & == T3
HC57} 1.31~2.2680 © Zovh A™ ¢, N 2 0ol thal
A= HC57F HASOl BIs Zb2F 632, 18.0 B 29.844
o 2 3o= Yt AH ¢, N 8 0= pHr} 2
757, 796 2 8.08& CuOH', CuCOs(aq) E Cu(COs)>
7} A=) cu?'e] ST Holxly] MR o® e
thFig. 1).

=1
=

=

=4
=

EY 35 549 =35 HAS 2 HCs9R) Ao
100
— [
X
% 80
Ko —e— Cu”
8 e Qs CUOH+
@ 601 ——-w-—— Cu(OH)aq)
3 ——A—-- CuCl
s — - — CuHCO,’
c 401 _ o cucoyma)
g ——e—— Cu(COoy”
g 20
o
e A AN AN
0 f * ===
3 4 5 6 7 8 9
pH

Fig. 1. Proportion of Cu species depending on the different pH
levels from 3 to 9, derived by Visual MINTEQ 3.1 (2Cu=0.01
mg/L, ENa"=0.1 M, ZCI"=0.1 M, Temperature =25°C, Pco,=
0.00038 atm).

RSB ERLEE

ERpe!
A& (correlation analysis) A 3}H(Table 4), speciation
model®] ¥ Fo= AL F=F SR (e, pHEY
Cu, Ca*, Mg, K', Na', AP, SO, CI, NO, X
F9 %) 5 pl7} HAS ¥ HC39} BAIFSE {2t
(p<0.01) ZAFA7L Sl= Aoz yeiyth AT
(correlation coefficienty= HA5$}F HCS59l thsll 2z
—0.6899} —0.626%2 UERHTH Table 4). Cu-BLMS H'%}
Cu*o] A=Ao] LPALFE FaL BATOEA, Cu
o] F4o] AxEdaL 7HgstaL ol A (1) @ &
3] Wkd3}ar ATh(Steenbergen et al., 2005; Thakali et
al., 2006a; Thakali et al., 2006b; Nakanishi et al.,
2010; Le et al, 2012; Ardestani
2013). webA pHZF 7RO W FollA pHY 7=
(e, H 8% 7ha) 5447 A oBs7IaL 1
o W} ECs{Cu™} dAISaE HolA|A €t} dupxoz
pH Z7F HAS9}F HC59) A= ololX =& (Fig. 2), 2

and van Gestel.,

st 2o AT e Eldsit). $HH, HAS pH
o] F#AG7F HCS9} pHY| AR Aozt tha
=& o= pZ} 7HTF =& JYGellA pHY] STl wet
1000
o HA5
3 101 e ° HCS
> (@) [ ]
(@)
> ]
;:;._/ 10 %88
[ ] J
g . 8 y
‘6 ° [ )
[Te}
O
T o1 o ®
0.01 ; . , . : ‘
2 3 4 5 6 7 8 9

pH

Fig. 2. 5% hazardous activity (HAS) calculated from species
sensitivity distribution (SSD) using Half maximal effective
concentration (ECs,{Cu*"}) predicted using Cu-BLM and the
corresponding 5% hazardous concentration (HCS) as a function
of pH.

Table 3. HAS5 calculated from SSD and the corresponding HCS5, and HQ, for assessing site-specific ecotoxicological risks

A B C D E F G H I J K L M N (6} P
HAS (ug/L) 890 362 0076 108 394 17.8 1.72 184 127 572 7.63 826 0.184 0.102 0.0890 1.33
HCS (ug/L) 173 583 0480 142 834 395 273 403 204 875 141 132 0400 1.84 2.65 3.00
HCS/HAS 194 161 632 131 212 222 159 219 161 153 185 1.60 217 180 298 226
HQ* 0973 1.01 37.6 0242 0293 0818 642 0472 0.754 2.14 210 171 295 862 102 836

#HQ (hazard quotient) = Total dissolved Cu concentration in pore water divided by Cu threshold concentration in pore water (i.e., PNEC =

HCS)
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HASE W37} Q1 whd, HCSE 27187] wizo]th(Fig.
2). o] pHZ} 7 odR1 7B, H'ell &gt AAaI= F-
A 4= 9l vk Zolzl ¥FAE, CuOH', CuCOs(aq) %
Cu(COs) sk 22 2Ee] o] 713l $UF Cu
=S LR 913 359 W Cud] & w5 ST
0}71 wjFolt}.
=3 HCSS 3= Y Cu91 85 0|83t
2] (3)4 HQE ==3+ 2%, & 10 ARe] HY7L 1=
23l Ao® YeRdti(Table 3). 3] €2 M A4
HC57F o2 AHEC] Bl wolC: 048 ug/L, M:
0.4 pg/L), HQZ} 37.6 H 2952 i}l | ARSI o
M AR F=F W Cud] F =€ A7 179 B
118 pgLE 167 A F HisEs YERA F(32.3 pg/
L)9 554% % 36.5%°] E#35A|RH(Table S1), F
HQ(0.818) BIall ZHz} 46ull 2 368 & HQE YERA
TH(Table 3). &, EYF AEF PIXE Cud] Yei=4
2 QS Il oA, F=F Ul Cud] F FEE
FTR3A, B FolH o Wskhe Cu S8 EE(EE
PNEC)E FE|Hoz A4sle o wgt vl Fasi

3.3. DOC7} HC5 4+ ZAnto]| 0|X[= W&
EY =5 Wl DOCY] F=7F HAS B HCSol WA
Table 4. Results of the correlation analysis between HAS or

HCS and the characteristics of soil pore water (n = 16) (for units,
refer to Table S1)

HAS HCS
pH -0.689* -0.626

Cu** -0.025 0.017
Ca* -0.023 0.012
Mg* 0.439 0.430
K* 0.004 0.049
Na* 0.006 0.052
AP -0.292 0.052
SO, 0.155 -0.285
CI -0.070 0.170

# indicates strong correlations (i.e., p <0.01).

AR(@A, C, E B Lyl
1.5, 5.4 2 12 mg-C/LZE WH3IA]7|H
HAS % HC5E EZ3}tHTable 5). DOC %7} 0
mg-C/LE 7F3E AsollA cot E= HASZ | 22t 249}
Ho= AHE ARoln A9 L& 355 540 thgel
T Esla HASZE AR AFdE A3eltt. DoCY]
TEE 37 } 17‘011 w2t HASE &E ARelA wsht gl
+ ¥ HCSe ARl wet 3.94~2028 F7hsklh
(Table 5). ECSO{Cu2+ S AAs7] 913 cu-BLMe] 1
oz F8EE F8 dole(e, Ca?', Mg*, Na', H)
o] GHE7} DOCY = WH3lo] o3k JTFS ukA]
7] Wizl HAsSS WP} gle Zo= ke, ghi,

it

HCSh FA A HASE ﬁ]*m% 357 W Cud
T F=F vsp] wWiiel DOC s&9] Sl Wt 5

7Fiat. &, Y% Cu =S QE}HJE =T W
cu] & laj} DOCY| F&ol we} & 2o whel |
3laL, ol ¥ W Cu’l DOC®F 2=
< 33*30}71 uFo]th(Table 6). 53], X €2 DOC
T=F 15, 54 2 12mg-C/LY Wl HC5= 19, 65 2
140 pg/Le] 3t 7 & FO0= F71sIal(Table 5),
ole] wjg} HQ= 0.94, 0.28 & 0.1302 7SI} dt
W A E Y L AFE DOC v= 7 wet HC7}
Hdl 1.33~5.9281 F7}8l5dT). 3.28e0A4] DOCY] s
sk & A% C ARY HQE 37.62=2 1670 11
A F 7P =39 whd) pocY 9Ege uHS A
HQ7}F 1 BT} Gl ER15I8IT. Table 601l Zﬂ/\lﬂ
¢ U o] EAEE BEES AuR, pHrh i e
2 =2 C AH@.57004 Cuet HA 2 FAS] ZE &
dol 7FE & dojds & 4 ok Tl 1.5 me-C/
Le] DOCYlo] EA)s}ar 7148 ALoE, 97.6%2] Cu
7} HA % FAS} ZHE-S A3k, & 0.85%2] Cuvto]
Cu*" 2 EA18HA ok vbd pH7) 3.05%0 E AH<]
A%, 12mg-C/LY DOC7} EA)3tta 7R o,
47.1%2] Cw} HA % FAS} FES FA5HL, 49.9%2]
Cwl Cu** AR EA8it). B AfoAE DoCY 22

Table 5. HAS and HCS values with the addition of varying DOC concentrations

DOC addition HAS (ug/L) HC5 (ug/L)
(mg-C/L) A C E L A C E L
0 8.9 0.076 39.4 8.26 17.0 0.480 83.0 13.0

1.5 8.9 0.076 39.4 8.26 240 19.0 87.0 21.0

5.4 8.9 0.076 39.4 8.26 40.0 65.0 97.0 420

12 8.9 0.076 39.4 8.26 67.0 140 110 77.0
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Table 6. Proportion of free Cu ion, Cu complex with inorganic ligands, Cu-HA complex, and Cu-FA complex, calculated using Visual

MINTEQ 3.1 in the absence of and in the presence of DOC

DOC Sample Proportion of Cu species (%)
(mg-C/L) ID cu® Cu-iL? Cu-HA® Cu-FA®
A 90.1 9.87 0 0
0 C 35.2 64.8 0 0
E 945 5.52 0 0
L 93.9 6.09 0 0
A 62.9 6.89 20.8 9.44
s C 0.854 1.55 55.8 41.8
' E 87.0 5.08 492 2.98
L 59.6 3.86 24.8 11.7
A 27.0 2.96 28.1 21.9
4 C 0.022 0.035 59.0 40.9
' E 70.4 4.12 15.8 9.61
L 213 1.37 525 24.8
A 9.36 1.03 61.5 48.1
. C 0 0 60.2 39.8
E 499 2.92 293 17.8
L 6.5 0.4 63.1 29.9

2 Cu-iL indicates the Cu complex with inorganic ligands (e.g., HCO;~, CO5>", SO, and OH).
b Cu-HA is the sum of Cu complex with HA and Cu accumulated on HA surface electrostatically.
¢ Cu-FA is the sum of Cu complex with FA and Cu accumulated on FA surface electrostatically.

0] uk3-S AHFBI517] 13l Visual MINTEQ 3.101] W
A= o] A= non-ideal competitive adsorption(NICA)-
Donnan modets 8313t o] &2 HA % FA i
Hol] ER)3}= carboxylic group(pK,=3.26)3} phenolic
group(pK, = 9.64)yS DOCS} ol& FF&o| Agsh=
F8 W7IE otk webd 355 W pHrt 7K
= 2O Z carboxylic group?} phenolic group®] H*
o]l 2g glon SHIE HA Hile, BFHAS
(deprotonation)) 2 w2} Cule] & FAlgo| Z7)3}
= 310= HRItKGe et al., 2005).

IS
[N
rhu

A

B A= BLMHF SSD 7E-S H-gsle] 33
012 SAIAe] Jee wdd cuol EY T 3§
FTEHCHE =3It 355 W 807k wish
w2} Cu-BLMOZRE &3 ECs (Cu*'}o] & o
W3lslal, ol wel SSDEHE E=EEE HAS 2
HC5 T3 Halsloin). ookt 3= 374904 & pHrt
HAS 2 HC5¢F frolgt <59 &9 JAaAE JeR
o} pH7} 7RE B GGelE pHE ZV1el wEl HY

ol

2, oo

o

o =2 FYele pHel 71l met Cust F7IRIIE
o] FAEggoR I3 HCs7E F7kskdnh. boce] &

AAET] 7hadl] & HC57F 2H4stem, pHYF 78
3
1

A M, HA 2 FAS} Cwl &S AT 2H ¥
=7 Ul curY SRS W, o) HCSY TVIE
olojxitt. 53] 499 pHollA HA ¥ FAS] 294
2l ofa Cuete] 2REo] Ho] A= HCSE A
Z7ALE B dAe SdEEF AuLlsiagris 9%
U] SSD EA] 7S TFAI7IA K5t AdElelr 3485
A o Zgks Z83le] SSDE EAIE IAIE Add) 1
2 Ael5AsE Boll B AEFl digh cul 9]
S WK o I35 W Cud] F FE ¥R ope,
pH 2 DOC9} #o] HCsol & FEs vAe A=
ek a7t Fasks AEFHoR SRighe] 1 oYt
Aot FFE, SSD TA TS WEA7)Y
AE T 279 22 T ENE i @
3= A=l tigt Cu-BLM F2uElE AXstal, &
s

T AKE NS EF 335 ) S8
4 Fee AggoA, cu 2AXd Ui FeA

epIE A4 2wt e AeE Tt
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Table S1. Cu concentration, composition of major ions, and pH of soil pore water in Gumi, Korea, obtained from Kwon et al. (2015)

Composition of major ions (mg/L)

Sample ID pH - Cu (i) AP Ca?* Mg** K Na* NoXs Ccr NO;~ F~
A 3.99 16.8 0.467 266 19.5 26.9 7.83 493 51.9 141 3.89
B 457 5.87 ND? 93.8 22,6 20.6 3.51 25.1 6.85 290 0.815
C 7.57 17.9 ND 543 148 14.7 24.6 515 122 1370 9.79
D 4.05 3.44 ND 14.8 11.8 0216 123 5.19 25.6 14.0 0.728
E 3.05 24.4 1.20 335 65.1 25.9 23.9 62.5 134 1139 5.00
F 3.70 323 0.943 312 79.1 59.1 59.1 120 402 272 8.69
G 5.00 17.5 0.213 63.5 27.0 19.0 5.18 49.4 23.8 264 1.34
H 3.71 19.0 0.975 275 104 103 254 128 219 797 5.93
I 3.88 15.4 0.295 69.6 22.0 19.9 5.88 54.4 68.5 146 1.98
J 44 18.7 0.173 62.7 18.0 5.38 6.93 116 23.8 109 3.09
K 4.15 29.7 0.671 157 24.1 17.7 30.6 159 201 142 2.84
L 421 225 0.775 44.9 27.7 61.5 7.32 26.0 86.2 13.7 ND
M 6.17 11.8 ND 230 80.3 332 155 142 96.0 647 2.72
N 7.96 159 ND 71.6 7.18 5.23 5.28 74.1 118 731 143
0 8.08 27.1 ND 158 28.6 633 12.8 74.1 59.3 157 3.07
P 5.01 25.1 ND 310 81.1 43.1 36.9 177 105 1034 545

# ND =not detected

Table S2. Activity of major cations as BLM input data calculated using Visual MINTEQ 3.1, with soil pore water characteristics

Activity of major cation (M)

Sample ID
{Ca”} {Mg”} K7} {Na’} {H'}
A 3.34E-03 4.07E-04 5.89E-04 2.92E-04 1.02E-04
B 1.46E-03 5.89E-04 4.72E-04 1.37E-04 2.69E-05
C 5.00E-03 2.34E-03 3.00E-04 8.59E-04 2.69E-08
D 0.28E-03 3.68E-04 5.18E-06 5.02E-04 8.91E-05
E 3.97E-03 1.31E-03 5.52E-04 8.70E-04 8.91E-04
F 3.49E-03 1.46E-03 1.25E-03 2.14E-03 2.00E-04
G 1.01E-03 7.21E-04 4.38E-04 2.04E-04 1.00E-05
H 3.19E-03 2.03E-03 2.19E-04 9.24E-04 1.95E-04
I 1.10E-03 5.81E-04 4.59E-04 2.31E-04 1.32E-04
J 0.97E-03 4.67E-04 1.25E-04 2.74E-04 3.98E-05
K 2.11E-03 5.41E-04 3.95E-04 1.16E-03 7.08E-05
L 0.71E-03 7.25E-04 1.42E-03 2.87E-04 6.17E-05
M 2.75E-03 1.62E-03 7.17E-04 5.71E-04 6.76E-07
N 1.14E-03 1.90E-04 1.21E-04 6.90E-04 1.10E-08
(0] 2.08E-03 6.30E-04 1.41E-03 4.85E-04 8.32E-09
P 3.51E-03 1.56E-03 9.16E-04 1.34E-03 9.77E-06
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