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Speciation and Bioavailability of Heavy Metals in Paddy Soil Irrigated by Acid Mine

Drainage
XU Chao"?, XIA Bei-cheng' » WU Hai-ning' » LIN Xiao-fang'» QIU Rong-liang'

(1.School of Environmental Science and Engineering, Sun Yat-sen University, Guangzhou 510275, China; 2. College of Natural Resources and
Environment, South China Agricultural University, Guangzhou 510642, China)

Abstract: Based on field investigation and laboratory analysis, the speciation and bioavailability of the heavy metals ( Cd, Cus> Pbs and Zn) was
studied. These metals were tested from 16 soil samples taken from paddy soils irrigated by acid mine drainage in the lower stream of Dabaoshan
mine area, Guangdong Province, China. The toxicity characteristic leaching procedure( TCLP) and three-step community bureau of reference
(BCR) sequential extraction procedure methods were used to analyse the bioavailability of heavy metals. TCLP is currently recognized as an
international method for evaluation of heavy metal pollution in soils. Two methods were compared in bioavailability by stepwise multiple linear
regression analysis. Cd was dominated mainly by the acid-extractable and residual fractions, and followed by the order of acid-extractable >
residual > oxidisable > reducible. Cu was dominated mainly by the residual fraction, and decreased in the following order: residual >
reducible > acid-extractable > oxidisable.Pb was dominantly released in the reducible and residual fractions, they account for 86.54% of the
total contents, and decreased in the following order: reducible > residual > acid-extractable > oxidisable.Zn was dominated mainly by the
residual fraction, it takes more than 50% of the total contents, and followed by the order of residual > acid-extractable > reducible >
oxidisable. The levels of Cd, Cu, Pb and Zn extracted by TCLP were 0.17-0.89, 8.12-70.33, 3.16-90.33 and 10.24-106.85 mg*kg™',
respectively, and the average concentrations of Cds> Cus» Pb and Zn were 0.41, 36.60, 15.97 and 50.78 mg*kg ', respectively. The
concentrations of Cd> Cu, Pb and Zn in rice seeds were 0.183-0.947, 3.542-5.997, 0.285-1.532 and 17.54-41.10 mg*kg™ ", respectively.
Comparing to the national standards on heavy metals in foods by the Chinese Ministry of Health the contents of Cu and Zn in rice seeds didn’t
exceed the upper limit, while the contents of Cd and Pb in rice seeds exceed the upper limit by 87.50% and 81.25% » respectively . Results of
the stepwise multiple linear regression analysis revealed that contents of Cd and Zn in seeds of rice were significantly influenced by contents of
acid-extractable Cd and Zns that contents of Cu in seeds of rice were significantly influenced by contents of acid-extractable and oxidisable Cu»
and the contents of Pb in seeds of rice were significantly influenced by contents of reducible Pb and organic matter. Contents of four metals in
it B #:2008-06-12; f£1T B #A: 2008-07-11

BEEWE .| KA BRBEESFIIH (06202438); 51K 22085 T FEFR 575 Jed i 15 8 L HR QBTG 5 H

TEH RN V1978 ~ O, B, W, E BRI W4 V5 Jeda il 5 18 2B, E-mail: xuchaol388 @ 126. com
% JEIRIKE R A, E-mail: xiabch @ mail . sysu . edu. cn



33 VFREAE : BN 1L K5 WE X /KRS £ 8 R I T2 20 Al B AR 0t 901

seeds of rice were significantly influenced by contents of metals extracted by TCLP> and the influences of total content> pH and organic matter

were not significant. In short, TCLP method was fasts simple and suitable for evaluation of bioavailability of heavy metals in sewage-irrigated

paddy soils by acid mine drainage.

Key words: acid mine drainage; paddy soil; heavy metals; speciation; bioavailability
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Table 1 Speciation patterns of Cd> Cus Pb and Zn in sewage-irrigated paddy soil by acid mine drainage
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RIS 0.81 0.35 0.33 1.63 43.71 31.10
ci AL A 0.50 0.25 0.24 1.09 50.30 19.25
CIE=REN 0.49 0.22 0.15 1.15 44.24 19.50
TR A 0.87 0.58 0.21 2.23 66.02 30.15
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Table 2 Content of heavy metals in extractant solutions of TCLP and content of heavy metals in seeds of rice/mg*kg ™"

b TCLP $EHUKAE -5 4 s 7 it IKFRENT WL 4 s 2
Cd Cu Pb 7n Cd Cu Pb 7Zn

1 0.58 38.07 10.44 72.62 0.721 5.190 0.650 33.52
2 0.89 66.72 42.30 87.54 0.947 5.997 1.206 39.08
3 0.44 17.35 4.09 24.26 0.471 4.163 0.478 22.89
4 0.59 33.91 5.02 49.35 0.558 5.044 0.564 28.75
5 0.42 61.69 20.85 93.59 0.613 5.918 0.852 37.49
6 0.18 21.74 3.16 10.24 0.183 4.276 0.517 17.96
7 0.54 29.34 4.62 75.29 0.736 5.096 0.573 33.85
8 0.18 8.12 3.98 10.61 0.198 3.542 0.318 17.54
9 0.22 12.38 3.96 14.09 0.456 3.685 0.333 19.57
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Table 3 Stepwise multiple regression models between metal concentration

in seeds of rice against each fractions of heavy metal, pH and organic matter

JoE RGN LR R?

cd BCR Y =0.049 + 0.589EX 0.971" "~
TCLP Y =0.123 + 0.968TCLP 0.872" "

Cu BCR Y =3.032 +0.016EX + 0.0100X 0.948"
TCLP Y =3.537 + 0.038TCLP 0.888" "~

b BCR Y= -0.034+0.004RED + 0.0130M 0.972" ~
TCLP Y =0.448 + 0.014TCLP 0.873" "

7n BCR Y =16.021 + 0.158EX 0.981" "~
TCLP Y =16.870 + 0.228TCLP 0.956" "~
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R R YoOKTEH R E SR G EX: BRIGEUE; RED: 7L 7
A OX: WAL RES: BRI A OM: A HLIE

3 itig

3.1 BIEPESEAERE

TAE Cd BE AR PRI AR A, W]
WA A AT AL A Th o3 A 8K T 1, IR RIS 7 2
(1 b T T B A, I R AR A 1 40 B 4 TR
—HL R Cu WAFTE TR ST Ay BRIE S > ilik
JRA > BRECEUA > PR, DR R N E . LT
Pb FEELLA] L S A AR A O 32, AE JRAS Ph AT
i U e, T AT S AL A BT o B AL, IX S Ph &
R AT R E (¥ 2 (48D B AT KT, A
FEEFE P T IA 50 g kg™ BA B, Wkt 1 B IR
Bn] DLW B KR 1Y) Ph T AR I B (28D 5 W) Zn
FEUGRB S A, TR Zn SIS T ERET
SIBCIURE N - BRI S > TRARIUES > WIE A > AT
W, FELRER N, HEEN 50% L F, XY
T AR K oy BT 3
3.2 LIEEE R KARRRORL AR A R

LA BCR LRI IR IR S =G 8 & 7wk
FAESRESH. TEHNEESEBES R . ESRBL
i pH AT BB 8 28 7 [ 38 25 [ U5 43 AT 45 R 3%
B, H7KFEFFRLT Cd A Zn 75 5 S 35 AH OC IR IR 4
A Cd A Zn . H5KFEFFRIT Cu & 8 2 AR KA

PORRIEIGS CuviE 5 AT Cu B W AHC,
M5 A JRAS Cu TR FE AR MR 30, HEE ] g
A S CHHLE &) Cu 5 2 B R AR T Cu
B PRE D v ) P U Sk 7K 5 A8 e 25 A L
HiGE S IR EE > WHEMD G EE > kil
A, MR R A CERER 45 & 8O Cu LR, A5 ki
YIS K RERERL h Ph 5 e 3 A Y
AR JR A P AT AL (3R 3D, A A A 4 e 2%
WA R B XA 5 1 P 45 SR AT R 2 IR A R A AR R
i1 1 4 IR P AR T S0 T R R A W 11 = A
YR, W 7R R 3 pHL Eh A LR % 555,
X 3 e ST R Y 4 AR B Ak s e AR
TG R RIS A 5 IS b T B A
2, PRAREAS I 7 10 T 4 a8 — E 4 Rl 4 MRS ik
A, N AT R A CBR AR AR AL 25 A kA
T M AE 3 AR JR A Ph O EEARAE A,
1T 50% » T LA KRG ¥F KL Ph 1) B 5 X R B &
AR E Y BE TR S R P IS Ph, 1T BE
N PR IS 55 ) WA )R DG AN A DR A 97 32 43t
T AT W, AN R A T A KRR R I AR A ok
AELERR K 22 7 KEL ) 55 75 0 W AL 1) 1 4 B T 4
JeE T 7K RERT AL IR B8 AR A8 N AN — 0 i KB 2 s 6 A
IFi) o B T 55 AL A0 A 2 AR FH TR RT3 DR S R R )
e FH 1 A 28 A 250 JLAE AR RE R v 1 BRAR RGN A
ANIA] AE R RS S T T A AL S Cu AR RS
Pb HIXS ZKFERFRLF Cu F Ph (1) BRAR N 3%, 3 |
AL . TCLP $E MU N KRR AL rp 4 8 1+ 52 3)
TCLP $&HHE 48 & 2= (10 B3 50, 48 S & pH
AT HLTORT L 5% AN (2 5

BCR $&HFIZ 2L [n A 75 FE (1) R AT TCLP
FEEU, B BCR ¥4 T /K AEFFr op 7 4 s 5 10
TERf FE 22 5 T TCLP 55 BCR & Rl BN VEAN 1Y T fi#
TIEESEEE AL, v 2 v g LA
RV 4 DS v 47 1R 7R B R {2 BCR 475 2
ARG R A L EE i B ) L 2 R IR R £ TCLP 14
TG 5 AR 2 TR PR 2R A /b, ] PR A Ay HEAA 1) T
DK REFFRL 4 5 0 o T8 B W TE M A 3%
R, N IR B A AT S T IS S T D
SR UL, BCR V3E TR R PER LU B 7K 5 HE X 7K
G B A AT RO AT VR A0 AN B VP A TCLP 25
TG TR BRYEA Ll B 7K EDX KRS - 4 J8 A A K
PEIEAT PR ] 20 L DAL
3.3 pH R AT B 4@ A0 St i 52

B B 73 A 45 SRR W, pH R KRR IR Cd



3 VRS

TR L K 75 RE DX /KR = B < IR T 25 201 S A0 vk 905

Cu~PbZn TTHR AL 2 52 KF(p > 0.05): AL
XK FERE R Cd CusZn TR A IE 2112 2 KT (Cp
>0.05); A LN K FFF AL Ph sTikik 2] T &
FIKF-Cp < 0.05), 5 R ATfE A Y 3 pH B
CpH > 4D, 38 I L 3 A HL ST w] (R 3 L S 1) s A,
B0 S 1 2R A S ar WL, KRR R AN
I7i) T 45 PRI IR AL B2 - 358 pH RIAT B 1R 5% 1 R 4%
AHATE . BR pH A LT AL, T At — 26 4 398 K] 3 (FH
[ a8 I s R AN ERE ER DA DRIER - AL YIN
FERF %o} 7 4 8 (R IR AL, X 6 K] 35 1) 5 1 e, 384T
Ry Pt — D HIRART .

4 ZEig

CORE WG 2 R LR K TS 3 RS
HI 3 &8 Cd 20 A (RIS RE &,
Cu M Zn TR A& 1) T 5047 AL, Ph LAATIE B 25
MBS N T

ORI 1 52 RAE AT 1L K5 e )
HIH 1 7KF8 CL 32 51 Cd A P 15 %

(3)BCREIE T X IR VER" LlJfZ%ﬂ( WEDCK RS L
< LA ROEREAT VRN A0 SO PEAG  TCLP VR IE
TRTERMED L R K v REX KR+ B 4 S AR AT
BEAT PR ] DA
SE K
[ 1] Adamo P, Denaix I, Termribile F» et al. Characterization of heavy
metals in contaminated volcanic soils of the Solofrana river valley
(southern Ttaly)[ J1. Geoderma, 2003, 117: 347-366.

[2] HanFX,HuAT,Qi Y H. Transformation and distribution of forms of
zinc in acid, neutral and calcareous soils of Chinal JJ. Geoderma,
1995,66: 121-135.

Qian J, Wang Z Shan X et al . Evaluation of plant availability of soil
trace metals by chemical fractionation and multiple regression analysis
LJ]. Environmental Pollution, 1996, 91:309-315.

Tessier A. Sequential extraction procedure for the speciation of
particulate trace metals[ JJ. Analytical Chemistry, 1979,51: 844-851.
Rauret G» Lopez-Sanchez ] F> Sahuquillo A U et al . Improvement of
the BCR three-step sequential extraction procedure prior to the
certification of new sediment and soil reference materials[ JJ. Journal
of Environmental Monitorings 1999, 1: 57-61 .

L 6] Shan X Q, Wang Z W, Wang W S, et al. Labile rhizosphere soil
solution fraction for prediction of bioavailability of heavy metals and
rare earth elements to plants[ J1. Analytical Bioanalytical Chemistry
2003 375: 400-407 .

[ 7] Howard J L, VandenBrink W J. Sequential extraction analysis of heavy
metals in sediments of variable composition using nitrilotriacetic acid
to counteract resorptionl J1. Environmental Pollution, 1999, 106: 285-
292.

[ 8] Feng M H, Shan X Q, Zhang S Z» et al. A comparison of the

[9]

L10]

[11]

[12]

[13]

[14]

[15]

L16]

[17]

[18]

L19]

[20]

[21]

[22]

[23]

[24]

[25]

rhizosphere-based method with DTPA, EDTA, CaCl,> and NaNO;

extraction methods for prediction of bioavailability of metals in soil to

barlcy[ J1. Environmental Pollution, 2005, 137:231-240.

Feng M H, Shan X Q> Zhang S Z et al . Comparison of a rhizosphere-

based method with other one-step extraction methods for assessing the

bioavailability of soil metals to wheat[ J1. Chemosphere, 2005, 59:

939-949.

Jin C W>Zheng S J>He Y F; et al . Lead contamination in tea garden

soils and factors affecting its bioavailabilityl JJ. Chemosphere, 2005,

59: 1151-1159.

Li F L Shan X Q> Zhang T H> et al . Evaluation of plant availability of

rare earth elements in soils by chemical fractionation and multiple

regression analysis[ J]. Environmental Pollution, 1998, 102: 269-277.

Li J X5 Yang X E> He Z L et al . Fractionation of lead in paddy soils

and its bioavailability to rice plants[ J]. Geoderma, 2007, 141: 174-

180.

Merry R H; Tiller K G» Alston A M. The effects of soil contamination

with coppers lead and arsenic on the growth and composition of plants

[7]. Plant and Soil, 1986,95: 255-269.

Tliier K G. Heavy metals in soil and their significancel J]. Advance

Soil Sciences 1989, 9: 113-142.

T, T RIS 5RE B AR LSRR B0 A I g

YRk RS2 L] SRR, 2005, 25(3): 159-164.

Bilge A» Mehmet A Y. Remediation of lead contaminated soils by

stabilization/solidification J 1. Water> Air» Soil Pollution, 2002, 133:

253-263.

Chang E E, Chiang P C. Comparisons of metal leachability for various

wastes by extraction and leaching methodsl J]. Chemosphere, 2001,

45:91-99.

Christina S, Anthimos X. Reduction of Pb, Zn, and Cd availability

from tailings and contaminated soil by the application of lignite fly ash

[J]. Water, Air» Soil Pollution, 2002, 137: 247-265 .

Mehmet A Y, Bilge A. Leaching of metals from soil contaminated by

mining activities[ J J. Journal of Hazardous Materials, 2001, 87: 289-

300.

Mantis I» Voutsa D> Samra C. Assessment of the environmental hazard

from municipal and industrial wastewater treatment sludge by

employing chemical and biological methods [ J]. Ectoxicology and

Environmental Safety> 2005, 62: 397-407 .

Laforest G» Duchesne J. Characterization and leachability of electric

are furnace dust made from remelting of stainless steell J1. Journal of

Hazardous Materials, 2006, B135: 156-164.

Jong T Parry D L. Evaluation of the stability of arsenic immobilized by

microbial sulfate reduction using TCLP extractions and long-term

leaching techniquesl J 1. Chemosphere, 2005, 60: 254-265 .

Sun Y F> Xie Z Ms Li Js et al . Assessment of toxicity of heavy metal

contaminated soils by the toxicity characteristic leaching procedure

[ J]. Environmental Geochemistry and Health, 2006, 28: 73-78.

N5 R AR B, 45 TCLP VAR T X L5 G I
R BRG] BB, 2005, 26(3): 152-156.

227K  Thierry B» Cécile Q, 55 . BRTEN 1l & /K 5 G4 IR /K A7 H 1

B B 00 A S 0N L] AR AR 2004, 24 CHDD:



906 woom o B % 30 &
2430-2436. L7, T3E2%4), 2003, 40(6): 915-920.
[26] ViR, BAGHL, ZR3R0F, 55 ) AR S (o™ il vl b X R 1 1 45 [32] XU, b, RE B B4 JE 0% BCR $EMUE AL R TR
M 4 v G R K o3 07 S5 VF A L], Ak R BT RE 2 4 4R, PO I RS ] EERFER AT, 2005, 18(2): 57-60.
2007, 26} 1] ): 549-553 . [33] MOBUZE, 2045, BB . sl S0 28 2 B i v e - 18 7 4 ) 4
[27] JAREI, 363&, rlfE S, 45 K5y X8 B 4 4 4 v 3 4y syl HHESER, 2006,43(6):911-918.
ATFRFAERTFELT] . RN IREE R 24 2441, 2004, 23(6): 1172-1176. [34] MR, Y302, ohinEs, 45 SR yg HE X 3 4G s IR 5 4
[28] Zhou J M, Dang Z, Cai M F; et al . Soil heavy metal pollution around A Yy AT R PEWE L] BRI R 2 2 4R, 2007, 27 (5): 831-
the Dabaoshan mine, Guangdong provinces Chinal J 1. Pedosphere, 837.
2007,17(5): 588-594. [35] Li X D;Shen Z G, Wai-Onyx W H. et al . Chemical forms of Ph, Zn
[29] SRAERE, bR, BROGIL . AN Cu JERTE YW ARG d 1) and Cu in the sediment profiles of the Pearl River Estuaryl J1. Marine
FIRIE K FCE PR S 0], B8 R 2% 24 4], 2003, 23(3): 376- Pollution Bulletin, 2001,42(3):215-223.
381. (361 AT, 255, S, 45 DU Th V5 /K H TR 62 J JT 32 Ak 2%
[30] Etnsh L3RR A0 BT VA M. db st b I RO R B TEA& A AGLI] AN BT 53R, 2004, 23(4) : 683-686.
A H R AL, 2000 (371 XU, s pk, Rk b £+ cd b A S RG
(311 =HIZE, F3T BT 30T 438 7 42 ) (K 78 Wk PR AT 5T RERICRLT]. AR IR, 2002, 22(10): 1688-1694 .





