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Abstract: The terrestrial biotic ligand model (TBLM) is a newly developed method for evaluating bioavailabili-
ty of heavy metal ion in soils. Seventeen soil samples covering China were selected in this study by adding a

series of Cu concentrations. The soil solutions were extracted according to the method of maximum water
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holding capacity. The cation and anion concentrations as well as dissolved organic carbon (DOC) in soil solu-

tions were measured for the predictions of Cu (Cu®”

and CuOH * especially at high - pH conditions) and Mg
jon activities. The WHAM 6 model was used to predict free Cu’", CuOH" and Mg’" activities using 65%
DOM as active fluvic acid (FA) and adjusted binding constant logK ., = 1.5. The predicted ion activities and
measured barley relative root elongation as variables were input into TBLM equation, and binding constants
and parameters were fitted out as logK ., = 487, logK on. = 762, logK 8 = 1.09 by DPS statistic software
according the best agreement between measured and predicted barley relative root lengths. The results
showed that predicted and measured barley root elongation can match quite well with an R* = 0.90, RMSE =
114 and almost all predicted values lied within 2-fold of measured values. In order to ensure accuracy of
TBLM in our study, some parameters from relative studies were compared with the values in this study, which
showed that our TBLM was better than others and more suitable for Cu prediction of bioavailability in Chi-

nese soils because a series of high-pH soils samples were included. The study will help a lot on formulating

guidance of soil environment risk assessments not only for China but for the other areas around world.
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KA, T EFELRETFTHNEBRAREBLT
I HEESSE EEEAT L EAYHENE
SBREFRELBHBNMEST, T RBEBRES
BEFSEYWEERNEN, KEEEBE FEIA
HEERATHYRAREZE BAXMESYY,
UG Re, T EER P AT ESHEYEKRRN R
HBFRAEEHE EXFHERHFE - WNXER
BEMNEZEHARAEF5 2 HPFEYEY
MEERXR.

I JLEE R, N A Y AR B (BLM ) B iR B B
BT LBEEFHEY Y MEYHEEERK
MEREHEL" ", BREEEY R SENE
YEE, RIEYESERAFEBEENEYZEA
AMNESRKD BN, SR TRERE, KR
ZETEMEYERNERARERURALFEY
BRHENESBEFHA,7EKR . L EEEH EB
BT —HRE" ", 5Kk BLM ML, L H
A YRR R (B o Ak P D (R AL, TBLM ) 48 1 4%
BRMENEBETSEWEERARNES, —1E
AMEEBUXNIENMNEM AW, AEHE
TBLM #i%f F/K & BLM KR EME S, 2 HBER L
BRBESOEAFEIATEZAUREHBEE,
HAT% T TBIM WH & R FHERHBE™ ",
TBIM B UEHRESLBEFIAREB RS, EM
EHEBETAERENE TR ZEERTEER,
UEETFRHE, L EEBRPRETFASES A hE
BTEE AYREKSHEEACS  UREMATER
HEDERENRABEFRESEX, AN, AHHEE T

EEEZ T REBRPRFESFHEFHEE (W
Ca’” Mg®" %) A M A P8k (DOC) ¥ & LA & pH
KEmE, AHREURE 7T LEFREFH
TBLM BWAMT Bin, AL EFARUEREFE
SEHYEBURNXEATF HH AR LELRAM
HRAERERERER MIEAERELEFH
BTFSHYRAMMEIERRXR, HiT TBIM E£R
H 2 E R T e S B Rk

1 ##57% % (Materids and methods)
11 THEBBSHENE

WMBEEERN 17 MAREN LESEER, LIRE
AR INE 1", BINSMREHE U CuCLER, 3
B8 MREME , RETEERE 3% pH BEO ~
2400 mg-kg ' Z[E . AIF t 384 U B AL TR AT
HITEEBRSHENE, L EBEBR OB ERE
BARAEFEY BREBLIEEF4 CTHR
FIENELTRBBRSHAERBE FRED
Ca’* \Mg’" \Na® K" H" AP" .Fe’* .CO} .SO}
K DOC(RI A VLR WES, MBE FEREFA
ICP-AES Wl 2™ BB TR BE R A T il skl
E,DOCHREFHEmAERMUME, WELERR
# 2,
12 HEYEHRE

B 1SO 11269-1" K 2 1R i K 3 # i B B A%
WHE BRTHER L ERERS 0360 g, %
ABHRBKERBAN(AZE3S5 om, & 12 cm) ,3 K
HE AEBRABEKB(WHC) W 60% LR 74 )5,
MEBEFHARERF4RIBKEKEN, BT
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ALEBENEK, EKEHFHIAX 14 0h(22 °C),
B IA] 10 h(18 °C) , Y& HIRE X 24 000 lux-m"*, 7K 4%
BENX 0% AEEMRESBR LESKE IR
KEKEBHK 60% ,5d GWERER, BRENEE
AEENEHRRENEKNBREK, FIFRHYE,
13 TBLM WIEL
131 +HEBPHEETEENR
, {5 F§ Orion 94-29 45 7% 8 ( Thermo Elec-
tron Corporation, USA) Ml B + W P H B F1E
B, BT LEREBRURGRABRS , A%
{UEEL 17 A~ R R TS vk B BI A AR E
B 10% (EC10) & 50% (ECS0) i #i B B9 ¥ B K
P, BB ERBEFEASLS S mL 1 mol- L
Cu(NO,),.001 mol-L" IDA .0.025 mol-L"KHC,H,O,.
0.1 mol-L" KNO, X A R4 F# 0.02 mol-L" NaOH
(1~10 mL) BE™, BERRGERRINEZERS
e R AL mV XF pCu ( B B B F 1% B 1 53 50 15
YR 2R B AR VTS MY pCu 45 R4 ] WHAM 67
RE, WEHEFBPHEFRRREA, RER

132 +HEEBPHEEFEENTN

HFEAE FESERRNBRAE FEERELE
FERT, BTGB B 718 B 2 B s Wi Fe 4, B
I, BT A WHAM 6" R BT A £ R MK EC10
Je ECS0 B T S8 ¥E W (O 4 B 16 B A R oAt 35 %+ PR
BEFEE,IRENE A pCu £ IF WHAM 6 R T
) pCu, fERERIRT BT Vi BE A6 BE M B, R % A KRB
RE, MARMHSE N T EWBER S C* Mg*" |
Na" K" H" AP" .Fe’" .CO!" \NO; .Cl" .SO}" .DOC
WREE,Cl ¥REE KRB NO, BE/RIREE/Y 3 7%, K R IEfa
BB AT C R A BB N 293 K,
CO, 1 (Peoy, )0 107 atm, W B DOC £ WHAM
BRI BA R 100% B FA(EHBE),H FA = DOM
= 2DOC, HiF WHAM 6 F FA HBRIASE KL H
FRMAEEREIE L ENE SERE, BERE
RERH L5 DOC HFPIRZR, 4 T A UERE Y 70 A4 v 7
M, ¥ —W /0 TBLM B#EMIRE , A PR ENE
BB pCu MILEEE , B IF WHAM 6 7  FA
BIBRINGE & B, {8 WHAM 6 A RES BRI FiN 3

HE 2R B A AR pCu {Ho H A #Em e TEE,
1 1T HiENERBELER
Table 1 Selected physicochemical properties of soil used in this experiment
e A %%i&%ﬁg pH agsmil mgq’:ﬁﬁ_ﬁf HHLBRI% <2 wm KR B
No. Site Longitude, 15 Hu§-em ™) femol” kg™ 0OC/% <2 pm clay/%
latitude EC/(uS:cm™') CEC/(cmol® +kg™ ')
1 ¥ 1 (Haikou) 19°55'N,111°29'E 493 111 8.75 1.51 66
2 AR B (Qiyang) 26°45'N,111°52'E 531 74 747 0.87 46
3 ¥ & (Hailun) 47°28N, 126°57TE 6.56 153 336 3.03 40
4 ¥ X (Jiaxing) 30°77'N,120°76'E 6.70 159 193 142 39
5 #i M (Hangzhou) 30°26'N,120°25°E 6.80 203 128 246 41
6 HK(Chongqing)  30°26'N,106°26E 7.12 71 223 0.99 27
7 I~ (Guangzhou)  23°10N, 113°18'E 727 137 830 147 25
8 R ili(Lingshan) 39°55N, 116°8'E 748 93 27 428 20
9 MR /R(Hulunber) 46°03'N, 122°03'E 766 838 27 2.66 37
10 A F ¥ (Gongzhuling) 42°40N, 124°88'E 782 147 2838 217 45
11 A ZKE(Shijiazhuang) 38°03'N, 114°26'E 8.19 302 117 1.00 10
12 S&KFF(Unumchi) 43°95'N, 87°46'E 8.72 227 103 087 25
13 ¥ % (Yangling) 34°19'N,108°0'E 8.83 83 846 062 16
14 JBE 35 (Langfang) 39°31'N, 116°44'E 8.84 57 636 06 21
15 4N (Zhengzhou)  34°47N,112°40'E 8.86 109 851 157 28
16 % (Zhangye) 38°56'N,100°27E 8.86 152 8.08 1.02 20
17 78 (Dezhou) 37°20N, 116°29°E 8.90 112 833 0.69 18
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Table 2 Soil solution parameters measured for Cu added to 17 soils by extracting soil solution
el . -1
HHE P TRBEHRAMASTHERERR/ (g kg ")
14 /(mgrkg'') pHHE , ! Ion concentration variations in soil solutions/(mg-kg ~')
8 Cu added pH (me ke )
DOC variations
Soil No. variations variations O Cu?* Ca?* Mg?* K* Na* Fe3™* SO,%"
/mg-kg ™)
Hmg-kg"')

1 0-800 494-544 86-314 0.05-137 50.4-494 16.8-148 46.8-156 18.8-46 8 0.66-279 345-791
2 0-800 3.98-5.83 148-241 0.05-184 187-1 430 23.6-163 12.0-70.1 26.8-512 0.60-183 426-703
3 0-2 400 495997 185-314 0.02-195  168-3 313 414-752 3.14-166 20.1-65.1 0.15-0.64 332-58.7
4 0-1 600 483-721 117-317 005-548  353-2 784 81.5-599 720-25.0 154-409 0.11-136 79.1-119
5 0-1 600 553-723 286-610 007243  438-2 456 78.3-383 342-782 135-228 0.11-091 218-255
6 0-1 600 471173 176-249 0.05-183 134-3 163 11.4-268 224-6.06 134-463 0.18-135 128-526
7 0-2 400 468-781 259-424 0.05-225 283-3 600 16.1-194 315-132 389-72.7 0.14-248 66.6-187
8 0-2 400 5.64-7.53 417-663 005-9.06  219-3 125 383-514 314-113 6.10-15.8 0.30-0.77 383-47.1
9 0-2 400 6.04-7.59 337-464 004-168  354-1 381  483-1 317 164-485 21283979 007-0.15  721-1 188
10 0-2 400 721-801 130-242 003-196  239-2 954 22.1-265 544-188 120315 0.01-037 394-516
11 0-2 400 732-796 207-391 003-202  730-4 963 104-501 8.11-210 69.0-121 0.09-0.83 348-424
12 0-2 400 753-829 294-362 006-2.08  444-2 650 90.3-473 51.5-120 605-955 0.09-0.67 389-510
13 0-2 400 747-82 53-119 002-052  236-5275 18.9-266 118437 193-35.7 0.02-0.05 29.3-50.7
14 0-2 400 7.05-8.16 142-215 007298  155-3 675 22.1301 225-78.7 185-375 0.14-136 422515
15 0-2 400 737-831 131-190 0.04-121 169-3 325 38.6-430 4.10-150 654-115 0.10-0.76 74.6-81.8
16 0-2 400 8.06-8.29 204-243 0.06-0.78 132-735 427220 890-169 42.4-109 0.02-0.04 28.7-148
17 0-2 400 7.46-8.18 130-242 0.03-121  248-3 050 95.1-649 160497 248-430 0.14-291 108-123

133 TBLM &L 2 4R 5111 (Results and discussion )

BYE Wang EHALER, W _MEET
(Cu*" ) Z4h , BRFET(CuOH " ) ER pH &4 T
AERBHEE, ZRIRELBEEFZFHIRELS L
e pH B F 7, Bk 7 TBLM EEA Cu’" 5
CuOH HFRIM ZE B ALV ERENEE FRES,
WA Mg TS Qv R RERRENE S
A EEBEY C EHEBRERANE B TY,
B4 A TBIM BB R E N (C* H(ET
EEER) . {CuOH"}, (Mg*" } A B K FER KA
K ¥ RE, TBLM FBH".:

RE(Cu) = 0

+ Ko G } + K uonn {COH” } )p
I 0+ Ky (G } K cuoms (CUOH ™ } + Ky Mg )

HTFE MU LA 8 MRESE, AW E
817 MR LA L RBE RS BT 36 M ERY
(£2),5A 36 MERHMEEEREIEN WHAM 6
BRI SRIFWE S TBIM F R HFENREE T
EEMERME (IR 3) KK 3 WA RER AF DPS
90% /4 ( https/www.chinadps.net/indexhtm) #J ¥ #E %
hOREEESF B AERKTINE S EHRUREZ
B § B /MR 25 FI(RMSE) , B 4 R L6 20
REARBH R RME S HBUER logK 5 JogK ,omm
logK et \f”% B BE

1

21 WHAM 6 ERIKRELRE

REWN BN SERBRK pCu H—BOBRE, R
B KX RB K B /MR E T FMEKIE WHAM
6 BRI FA RIASH. IRAARBR L+
B DOC XM ML ST E WHAM 6 HERIAH
HERAMERK, BRER L LK DOC E/HT
WAIBIABE . ¥ RUL, WHAM 6 H 65% i FA
PANEEHH FAP™ it TRE SR, R
FYUHE FA NS EEE logK . NBRRIABI 2.1 (H
la) THEE 15(E 1b)Bf , M ESHWE pCu A &Y
A, FENMEXRE RN 0.51 R 0.74, 75
BRAEARMEN 0931 B 1.005(E 1), Hik, %
AE| WHAM 6 1 DOCZ¥H FA = 2 x DOC x
0.65,3F logK pa =15,
22 TBLM HEE

MAZLIP BN L EBRTEAIKERN
WHAM 6 # 8 , B2 MHEE FME AR FrEE
NE3, NEIRH, EpH<TIMWLTEE FAEF
FHE L SRS 40% IR, BE5 1% pH 2
X pH>T3 M EE HETFHEER S SEmRMY
B 15% LA, KB 2B F5 DOM &58Ek, &
EEM, WA, B E{CT I BER T (CuOH"},
{C’ ) TFHERT Mg} MAKIFERT
DPS 90 HiExRP , MEAEZRKHTAMESWEE
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ZEHELXR, BEBAESHMEN logKep =
4.87 10gK cuons, =762 10gK g5 =191,/ = 0.103,

R* =090, BAERKERKMBNLE RMITF, &
FHRANRMEREELFUEE 2 FHEBEAN

B = 109, FRMAUBRKHAZERKAOMRLRRME (FE 2b), BWE TBLM BSR4 3t B 3% = + 3
2a iR, KR EFH M RMSE = 114, HXREK FHEMAERKEKRKHNEERE,
14 = 14 =
a ’,’,r b /”,’
12 12
&6 r ’
y=0931x y = 1.005x ¢
R2=0.51 R2=0.7 g/
WHAM 6
# 4 wHame loa . 18
"," ® default constants /,"’ A ”\i ‘2"\34
i . AFA 65% 4} AFA65%
2 + 6 8 10 12 14 2 4 6 8 10 12 14
B I pCu M ) pCua
Predicted pCu Predicted pCu
1 FAEFREERBARLY pCu 5 WHAM 6 BB F M A pCu A9IEX K
Fig. 1 Comparison between measured and predicted pCu. The predictions were made with WHAM 6

using default parameter values and 65% AFA (a), optimized parameter values and 65% AFA (b).

£33 LHBABTEERANERAERKE
Table 3 Relative cation activity predicated using soil solution parameter for 17 Cu added soils

EBFHENE/ logmol-L) W RN MR (T YRR
L Cation activity variations/-log(mol-L™) KA Kyl Cu/%
ﬁ‘:% Averages of  Averages of {Cu®"* }total
Soil No. Cu?” CuOH" H' Mg?* Cei* measured values predicted values dissolved Cu /%
1 305~794 6.67 ~ 1069 406 ~494 257~338 227~3.14 54.1 572 146 ~51.1
2 301 ~8.11 7.03 ~ 1036 198 ~5383 262~330 190 ~2.58 450 50.1 099 ~39.1
3 4.15~1207 6.89 ~12.79 495 ~697 2.06~308 164~272 684 747 0.01 ~23.1
4 366 ~992 6.53 ~ 1039 482~721 2.15~283 1.70 ~241 62.9 716 0.02~253
5 4.13 ~1023 629 ~11.0 553~723 233~295 1.75~243 649 674 001 ~194
6 3.1~1147 608 ~ 1143 471 ~7.73 248 ~361 163 ~2.80 68.0 63.8 001 ~275
7 304 ~1144 6.04 ~ 1137 468 ~7381 2.64 ~3.62 159~2.54 599 64.1 001 ~25.7
8 475 ~1228 68~1244 5.64 ~753 221~3.16 1.65 ~2.69 743 739 001 ~125
9 457 ~1222 622~1232 6.04 ~796 191~231 211 ~267 63.9 727 001~102
10 693 ~1221 741 ~1190 720 ~796 248~332 1.65~2.53 753 80.6 001 ~0.38
11 732 ~12.17 769 ~ 1191 732 ~1796 228~284 151~222 544 65.7 0.01 ~0.15
12 761 ~12.62 7.76 ~ 12,02 762 ~829 229~295 1.77~249 683 639 001 ~0.07
13 768 ~12.04 790 ~1153 747 ~82 254 ~338 146 ~2.51 709 777 001 ~026
14 585~11.56 6.32~1108 705 ~8.16 245~331 158 ~2.71 56.0 403 001 ~301
15 7.12 ~12.60 743 ~1197 737 ~831 229~3.11 162~272 629 642 0.10 ~ 040
16 815 ~12.77 8.38 ~ 1206 8.06 ~ 840 249 ~3.05 2.16~2383 76.7 874 0.001 ~0.01
17 753 ~1232 761 ~1182 746 ~8.18 2.12~277 167 ~259 649 65.7 0.01 ~0.15
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23 TBLM ®iF
ATH—EREERRERESRE, RN
AE¥REVRERKKERBRBINSHER
108K cupr = 6.57. 108K cooup = 7-03.108K s = 3.00
RABILLE TBLM F R i@t DPS B ELS
B3| % = 0047, B = 0.625, Tl ] & 5 52 I 18 59 46
EEB R = 051, RMSE = 22.47, Ut BA 485 7Y 70 ) ik
HBE(F4) . WO, BATH B A Thakali 18
F WSS = 005, B= 096 LA K F ¥ 7% (2008)
BIMESER logK e = 6.57. 108K coous. = 703+
1ogK e = 3.00 XA B TBLM F 8B, 4R K I
T B8 S B2 B0 R’ = 056 ,RMSE = 2371,
REXFHREDN TBIM EEARERE, 1F— &
BERBE M ERFNIEEKXE, EHMX T Thakali
PR TR AEBR B 45 + 360 TBLM &I (RMSE
=154;R* = 0B5) HAMKMER (L 4). W,
Thakali ™ A - WHEE pH K, AR &
BE MERERRE L BHARK, FILRSER

51
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Predicted relative root length/%
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20 40 60 100 120

AR ) K2 ARAR S /%

Predicted relative root length/%

SN 1 K 2 AR K 1%

Predicted relative root length/%

R, ETRELFEERB AL TBLM EREE MR E
THHSARES AVELRBELERRRE P H
5HYBREROT R,
24 TBLM EHEMEmEE

M F DOC XA RBAE GRS , EBRER
B b, JLF 90% LA ERH L DOC BEaERF
7=, HIl, DOCHEERERNERM AN EDE N
MR WA, BERY, BT EERFH DOC
THESBELBESEAIK, FERIBELESD
H' &B& . H AU DOCH Cu® WHE A A,
FX DOC M ME S A" . ZHEFRASIA
AR pH +EH DOC ER , FTERANARBKIE
MEBERAERAK R EHEME, LK, DOC BREAR
F,Z&mEFRK, —BRE TR+ HH DOC &
HRBTFHIE HTFEBRAYE DOCHFEEMR, &
BRRIERBE TR T A DOC THRLHARE &
SRFFEDS AT S B ENE S AR
15, B, 3 Bk o 398 ) S S L4 50 9 B R it

1 000 —

100

1 10 100 1000
AR F) R 3 ARAR 4 /%

Predicted relative root length/%

B2 XERKOIBEARNEAEXE, Kb a HhESE.b H MR E

Fig.2 The relationship between the measured and predicted barley relative root lengths,

and a (%) and b (log-transformed) represent Cu toxicity results

R4 TEAFRBINAZEREZSHEFEEANEYREAERSY
Table 4 The BLM parameters based on barley root and Cu ion binding from different studies
B% 0k
logKc,m logK cuousL logK ygpr. logK s B 0% RMSE R?
Reference
FERM
657 7.03 3.00 0047 0.625 25 0.51
Wang X D"
Thakali® 741 648 0.96 0.05 154 0.85
ABR
487 762 191 1.09 0.103 114 090

This study
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WTFEMERERNRET —-ENER. BR.ARL
EBEROERFTETENRRAF., MacDonald
ZUIRNGHBE R R EER, BB TH
BT HR Rk R, TR A ELL R
REFEEBN T BERUES THREERTEE
FHBNETRE, B, ERKHREBRR
Jr¥kst TBLM MR LEREX EENIER,

e Ah A R B A B 4k 5t TBLM B 22 40 22 e 1R
Ko Thakali &% F pH < 7.0 BRI L EHH
Y KA YT AR 2 L T & & BRI R
3 TBLM , BF 55 & 3R T 1 0w 1k 40 B R 6
BREAENSSETFIH 5 M I FRER
KEBARMZETAERKREZESEFN H A,
Lock E™ R FHBWUBRRER XL HWFRRARE
RAERKFAENTRFETHIH 5 Mg, £%¥
REPIFELIRERKAKERR, #—-FRIET
Mg WESER; HET pH BERR, A TR
Cu’" 24, CuOH WEFIEA , # LB T pH
£MTH Y " MESERAPRE—FMESR, T
B ERBTF pH MFA®,ERT CuOH™ XA L
Co BEMFEMNES. B TFAMRP A2 L2
pH##l S 7, HE, AT EANHRERWERE
TBLM, EEAEENE, ARA4AYRESHETH
HERES (LU ogKk RBR) FHAR, X FHEALMZE
HAKRE, BRESFETERERKMER 44
HH logKk HABEER™, Cheng E¥'HETH
MEXKN B AEAXRASHNEAEHR
(logK) AL TE 11.15 ~ 12.16 Z [A]; Antunes %P F
it/ BRI & T T 4R R B R R B /N AR 4R B
5B (logK) RF, ZBLIEE 7 407 ~9.06 Z I8,
AR BIANESERENTEXIRERANEEE
B.MS5MEREGHERERXEE N -, JEEH
FRESNE-YREMEFTE.

M2 ,BLM £ — ML EEMNER, GBS NDLE
AEREIEAY SR SSBREFHOMHE/ERXER,
R ESBEREVEHRBETNEBEENE
ATR. RESERHAERFREERRE, BHEEXE
B&BRSGEIRF R A HEMEY ETRY
WA X & 0] % 2 % 19 B f# B, Rk BLM
BEER X AEE MM AMRRIR.

EREEEMN S LR(1957—), 5, ¥+, AR, EEHR
FOALBAELEAAALF AR EEE, RAFAR

X160 &%,
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