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Evaluation of cadmium bioavailability via diffusive gradients in thin film technology for agricultural soils

LIU Xiao-lian'?, DU Ping®, CHEN Juan? REN Jie?, LIU Ji-dong"? HAN Lei"? WU Ming—hong'

(1.School of Environmental and Chemical Engineering, Shanghai University, Shanghai 200444, China; 2.State Key Laboratory of Environ—
mental Criteria and Risk Assessment, Chinese Research Academy of Environmental Sciences, Beijing 100012, China )

Abstract ; Risk assessment of heavy metal pollution is important in the study of soil environments, though there is no agreed—upon conclu—
sion about assessment methods, until now. Assessment methods for the potential risk of cadmium—polluted agricultural soils urgently need to
be confirmed. In this study, a soil-rice system was developed to compare the accuracy and feasibility of different methods, including diffu—
sive gradients in thin film technology (DGT) and traditional chemical extraction methods. The mechanism of DGT for evaluating Cd bioavail-
ability was also discussed. There were significantly positive relationships between Cd concentrations obtained by the three extraction proce—
dures and Cd concentrations in rice grain(0.06~2.16 mg-kg™"). The correlation coefficients obtained by DGT ( Rfi. =0.89 and REuniines =
0.94) were much larger than those obtained by the soil solution method (Rfi.=0.87 and R =0.92) and 0.01 mol - L™ CaCl, extraction
method ( Riie.=0.80 and Riuniine.=0.83). In addition, R values obtained using the 2D DIFS model showed that the solid-liquid dynamic pro—
cess was rapid in bulk soils, and R experimental values indicated a sustained supply of cadmium from soil solid to liquid. In general, DGT
showed a more scientific prediction of Cd bioavailability in paddy soils with long—range Cd concentrations (0.31~10.64 mg-kg™). If in situ
measurement prediction is successful, DGT will be a good prospect in standard settings for evaluating Cd contamination of paddy soils.

Keywords: rice; cadmium; bioavailability; DGT; chemical extraction

TG YS AR A T R R A S S. HE R I RGN R A YR R AR A
P SR BUE C 2O RHOGENE R A Z —. PR AE", il il YRR AR, IR

W HHE:2017-06-10  FFIEHA:2017-09-06

FEEE N X/NEC1993—) , 2, V78 B A WL gE A, M F e d 4R A 80 e T HHEE G 5E . E-mail : 15321563226@163.com
*BEEE M F  E-mail: duping@craes.org.cn

EEWA K ARP I H (41501350)

Project supported ; The National Natural Science Foundation of China(41501350)



2430

KA IMERF 217 eI R

NEPZ R G S RS BRSSP EAAEFEFIA
AR, L SR X Y N E R S R A
WA R DA G, TR M e85 B A 8O AN O 125
X RE Al H G R TS e e+

2016 4 5 A, [ 55 Be iE A UR A5 9L bRty
Sl , AT, SR 15 Yk L S B B IR SR 4
SR A, 205 Y LR R A G —
Jrids, AE BT 3T S Bl B T5 Ge L aese
VT IEIC N E

FUR, W T B B & A A R AN O i A
FHRIGL KRBT E #R LA — IR GRS U 4
J& G B NARAE S FERRRR, ARGk H
AR B HGE AR AL (ARG AR v 2
A T < R )P B B AR P I A, o L e = ) B 4
JRAEARE IR P SIS % I8

BB HOH B R (DGT) & JE TAE 55 Ak 27 32 1
R BT — MBI A e R, BT+
B DR b G R A A R E M AR R A I
TERAHITURR Yy p B S B 1 B8 R A o 19 g 20
BERAR FHCHEFERT, DCT TEAN/NAE IKAH A
Z P x e 4 A MRS TR Tl AR,
B R L B T €U Cu Zn Pb As SEZFIE G R
AW B T AR R s R T T
SEUCTAIF DGT AL R B rp Cd WL ZAM T )3 Ph
AR, 55 T SR HT DGT AALH E R Cd i
PRSI ROR o [ P DGT AR 2, (H ELIE o] F B9 %K
P A BEN AL S PR 5, SR ERE N TN
AR, WT DCT SZPrn FBCR A PPAG TS A 4
BRZ R RIS FE AR W

P b T 4 S B R A AR O 1 v R A
LGN B A bR L A IR DHTE R G A
BORIZES, B LUk S0 I ik A 1 i — P 5k .
ABIE G A [ AR 4 Hh 4 R ¥ e L T X R
SRR REAE L, 0 Hrxd bE B 2 A Gk S G A
DGT ZEFIM AR Cd ZRUE R AR , Bk 5E LB L
PO IEAEAN AT Gk FE A B AT ACR , Bk LAk
PG BORAER B L35 B B 36 A S A R Ak
FIHT 5T, LU RS I 48 Cd V5 53 B X e B2 4
PR A8 5

1 #REFFE

L1 fBtar
6 4 RRRE TR AR A AL A TG G X

N o AR ET ARSI, B 4 AR5 e
PR PR BN, B B T Yo vk B o0 A 544
A7, B A R I OS5, SR AE SR GPS JE A, R
FERZ IR BR 100 mo BEAMFE LN Lk 3 RURSE
IKRERE D R REARER L, I il s 1 KA IR &
FEAL T A RHER G RAFREZ N 0~20 em, FEiH2R
FERL 31 A, 3% S-1.8-2.8-3-+++--S-31 #1755 .
S FE B I X 2 mm 0L VR S), & AEIRE
i 1 B 2R K 38 53 Pk LA 25 SRR R TR A E Y
LAYy KPR 2 B oK bk, TR AR T, 7E 105
CAT 20 min, 70 ‘CHEEAEE, 2558, AR
3 100 H i 5 e AFE S A28
1.2 B EER

A3 pH MGE : HIEXTIELE 1 mm 5, 5 28080K
¥ 1:2.5 LR & Wi e, i FH pH 31 (Mettler Toledo,
B W)W 22 o - ORARME < U T 133t 1 mm 7
it FH OB EE A AL (L-950, H A )43 Hrill & . A 4L
Bt RT3 0.15 mm i, I C/N U 5E A (Multi
N/C 3100, Analytik Jena, F8[E ) /Al o PHE 3548k
it (CEC): 225 SCHR[19]5R F Ao 16 18R i 412 5O Il 75
(pH=7.0).
1.3 TIEFKFE Cd 28NE

- HERE i AR TR HE Sl 3:2:2 59 HNO, HCIO, 1
HF 4 P, KRR AT EE A 3:1 B¥k HNO, 5
HCIO, A7 H f# (Mars : 240/50, CEM , 3¢ ) , FH Hy, Jahl
5B T BTIE (1ICP-MS, Agilent 7500c, 3 [ )l &
HApE o TR LA i DA bR HE ) o
GBW076410 ,GBW07603 #4175 351l -
1.4 DGT 2B Cd E2NZE

AR A 53 BGR 230 e K5 7K (MWHC) R
NI ITEPTE ST AL, DT an R ARBGE 2 mm i
BT 3 AT S IR 4T ARG E TR £
TIK BRI - e T = TR AR K SR,
2 hs REM K FE 43 JE B R oK, e B 4 AR —
Beastin), B R URACERE K T PR s Bl e T
MERGHET , FRUOPR R, PP 22 3 R e R K ko
DGT 2:# (DGT Research Ltd., Lancaster, UK) #2411
PP HCE : O3 P45 . FREX 80 g( 3t 2 mm i ) X
T RHEHCA 100 mL SRS AR R K 40%
(RSl K B PRI 5], 35 E YRS FE 25 CTF F1fr 48
h, SRJERRIOITE 4K 2 RS K 5 80% 7874+
W5), R WG HIEFEA S I, 78 25 CR
7 24 h; @QDGT MYBE o HUE iP5 1) LA A



RN . IR R AR P A5 A8 F 00 e

2431

AP LA, I PR — % R EE (8~10 mm), 156 7E
DGT 3¢ & B MR FARN B 13, RRH S
IR RS IR R R B SO 25 R 3
B . DGT i I e SR SR ML b 55 R 2Rl 55 , M
HZERR, Fe s 2 A AR TP IR I A D i Aok, BHELS
1R 374, FE LR A5 330K 7325 A ) s DR IE 2 U
HERf 22 Ui sk A 348 IR TSR SO 51 GDGT
B TSNS . 24 h 5 IO e, S 2By oK nhisks
FUH EIE L YRIT DGT, BUH WL B IR 2 mL 5
O H A 1 mL 1 mol-L™ HNO,, #5321 24 h,
$& OB AR IR PR AT, 305 24 i B8 S5 L ICP-MS 4 A il
AEM, DGT I v BE T30 WL SCHR (12, 21
1.5 T3EARE CaCl, IREUGE Cd SENE

DGT 2 J 7 4% L HERE S 56 7% 2 50 mIL Bk}
L H, LA 3000 remin™ &0 20 min, BOH: BG4
0.45 wm AYPEMEL U85 ] 1ICP-MS U i Cd &
TP FREC 3 g KT S 9 - S84 A 30 mL 0.01
mol L™ CaCL, ¥, EIEIRY 2 h,3000 remin B>
20 min, 1 0.45 wm JERES ] ICP-MS & $EEOR
fr Ca Fr .
1.6 ¥IEH

DL BRI TS 3 AT, S5 RO, 1
FEAHAT 5P IE A IR 2588 1) 3 Ao 22 0 7 Bhdl
K Excel 4347 Origin 8.6 1E&], R ALMES Sith
LG i

2 HR5IR

2.1 TEERKFESF CdITLREFRRR

TR AT (5R 1) pH Y5l 4.86~7.17,
S-1.8-9.5-19.8-20 s i pH 43l 24 7.09.7.17,
7.04.7.07, 55680, FAY RS RRTE . A AL
(OM) RN 1.419%~8.14% ,5-6 .S-8 .S—18~S—
30 ffor HHERE IR &, OM #F 4.33%~8.14% 2 1], ¢
W S-19.S-20.5-23 ,8-27 .S-31 -1 OM 43 51| &
ik 7.62% .8.10% 8.14% .7.69% .7.15% ., CEC 7E
105.35~223.63 cmol -kg™ Z 0], - 3ERIURT 21 1l R bk
0.7%~2.4% Ky ki 42.2%~86.9% b ki 10.7%~56.4% ,
R S-8 T HENRNETE -, R b miE +

m3k 1 R, 18 Cd S EEES 0.31~10.64
mg- kg™, I(E 4510 mg-kg™, L L 2 i 3% Cd
HH 0.5 mg-kg™ BFRAEIA 87.1%, KT TRy
KFERRAZH) T —2Ei5d, EH Cd FEuEh
0.06~2.16 mg kg™, I (E ik 0.54 mg kg™, B HEY)
B4 E G FRAE(GB 2762—2012) #1219 0.2 mg kg™,
BHEBAMEECRH LT 45 BAR 2k 48.4% . WHoE X 5§
A Cd 15 4™ 5, KRR AZ B —E 52, XY
i A R A BT E BB (] 1)

SyHTKAE X 145 Cd (& R L& B, AN AR A
ROKFEXT 13 Cd & 4 R E(BCF) A — , BCF {H i [#]
4 0.02~0.27 (% 2) ARHEFR 2 FhH AT L HEKFT A

/N
7N

x| LERKBARMERE T

Table 1 Statistics on the properties of soil and rice grain
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Figure 1 The accumulation of Cd in rice
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Figure 2 The relationships between the total Cd concentration and

extractable Cd concentration
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Figure 5 The relationship between the translocation factors from

rice leaf to grain and Cd concentration in rice

2.4 DGT Ful K A 1% Cd £EMERIERIHE

AL DGT $HL Cd ¥ i 23R i 2 5 9 ] DGT
5 R S B P S (Coer) , DGT X 4 S [&] - AH
A A AFE T R A, WA A W 7R
DGT 0 52 19 ] JOA 42 1) - SV ) R TSCRE

R= CDGT/ Csolu
K Co Ry - BEHS R 1 5V B2 (Bulk concentration ),
pg L™ Coor 9 DGT M E R BE s R AT AR A A S +
ST 00 42 R DI A B AR IR - SEURL ) b 78 4
JEIMEE 1 (0<R<1),

TR #b 78 42 8 B RE 143 B OB CRURLAY) G
G IRANGIT R AEIA BN/ MA L N Rar) B3 FFEE AL
Kot FFEER . Y R EALT Rue 5 0.95 Z[H]E, DGT
S R T AR AT B R RS AN, T 0.95 JA
BB RS AR AN SEIG A ] 2D DIFS AR
L DCT FEFEBGEFR ) R fH, FIUEHLR R {HAE
fEaniE 6 B, YCE BRI T 20 h J5 LR H R/
ThaE, RW T 58 AR ARG 23k 2 P4
1945 Rug (64 0.07, SEHFFAS R AAGX 5 T0.3, 24—
HHERES B R G T 0.95, )8 T2 458 4h AL, H:



KU/ 8. ST B FOHEBHOR PPAR8 FH - e A A 0 2435

LRI RS AN AR, BARRNG BN T .
Ernstberger S5 5% 2 B, pH | 1 A HLIT & f 48
BT, LBk ESRENER IR, B
ARG R TP AN BB T o A5 R B pH A HL
Jo T A A i AR R (AR, R TR
B4 - S [ 2 RS AN B RE T o T pHL IR L TR
DBIRD B LSRR R (E8/1N0.32~0.67 ), LA
YAHE IS5, 5 Zhang SEFSY 4518 —3 . Ernstberger
FWFIHIDGCT 7E MR T L F il E AN [7] s st a] (4
h #]19.5d), 5%] Cu.Cd.Ni F1 Zn K AE 4L A R
{E, &FAE 100 h LAY Cd 19 R {HAE{LLE 0.4~0.6 Z
], fi DIFS AR 1 Cd AR R R] Te (H20°h 13
min, Ernstberger 5% 7E HAth 5 FjoA [A] iy L e v I+
JEZAARYSELS, SLE5 AR ] DIFS BAARH Cd 1Y
F i A] Te HoA%E (<8 min), BB B 48 Cd 78 133
PR L2 ARG

................................

fif8]/h

6 2D DIFS Bx 440l R {ERERT BRI L X &
Figure 6 Average R stimulated by 2D DIFS changes vs. time

BT Cd Z T MR P B, XoF s WA e PR
HH B AT AN 3K — 2 BN KR Cd 5%
AN0]Z W%, DGT FHF - 3E 5 4 Ji A R i il 2 J B
FEREE, ARH BT AR RN e 4R G AR B
BE BRI Cd B AR BB L Cd ¥R R RS Y
Uk 1) - S3 WR R A R AR AR e Ak 2 AR B
TG S T MR R A T YR O, A b T
TOKREFPRIH Cd L ER
3 #ig

(1)1 Cd &5 DGT., L3 % A1 0.01 mol -
L CaCl, $EHC Cd 2367 Cd 55 22 8] JC i 5 4R M AR 54
KFR U — Y -5 A AN B ) S B - 1
TG YRS, BRI ANRREM S LI E SR Cd AR

PE A XELLA TN 143 Cd KRR WIS PR

(2)DGT Kl 45 5 57K Cd Fra X R/ T
- 43N 0.01 mol - L CaCl, 321X, UiB] DGT
BEARPEAN +HE Cd A4 350k B AR . DGT
BB T MR 143 Cd 3o A8 rp 338 [ - RS
A SRR, Ay R 2E M T K RS Cd Y
B, RIS H T Cd AW RO A
16158 Cd 15 ik B A ™ BRI O T, DGT A 45
5RAERTEMHCLRNMAR AR T4
PG, Cd B RETN R % FEKREIARN Cd N ALFE iz
R

()ABF I DCT HARPEAS B AR AT H 1
S A RO B ANEURE 5 7 SE I = I E 5 R
M EFE—EES . DCT HAREAERE, 5 T4
W, TEVEAG LI E A R A R A TR R, A
SRR EAVE RGN AT A A FH A 39 YL R B A PG AT
YO R P 3 S SRS By

S

(14 24 Bad. BIESE IR G E VIR BPSCRAR
S (HARRLESR), 2011, 30(4):69-73.

RAN Lie, LI Hui -he. The pollution present situation and research
progress of cadmium in soil[J]. Journal of Chongqing University of Arts
and Sciences( Natural Science Edition), 2011, 30(4):69-73.

[2] Li F L, Yuan J, Sheng G D. Altered transfer of heavy metals from soil to
Chinese cabbage with film mulching|J]. Ecotoxicology and Environmental
Safety, 2012,77(1) :1-6.

(313K 3, KR F 4R #TS Jext MR fE F (). 10 746 T, 2007, 36
(6):395-397.

ZHANG Ying, ZHOU Chang—min. Hazards of Pb pollution to health[]].
Liaoning Chemical Industry, 2007, 36(6):395-397.

[ XA, A, skbeEE, . LIE- Y RGP EE BT

i R 3% K FC A AT BT AR D R ). T B KRR BRSBTS e
4, 2015, 13(3):177-183.
ZHAO Yun-jie, MA Zhi-jie, ZHANG Xiao—xia, et al. Influencing
factors of heavy metal mobility and evaluating methods of heavy metal
bioavailability in soil —plant system[]]. Journal of China Institute of
W ater Resources and Hydropower Research, 2015, 13(3):177-183.

[5] McLaughlin M J, Smolders E, Degryse F, et al. Dealing with contaminat—
ed sites ; Chapter 8 Uptake of metals from soil into vegetables[M].
Springer Netherlands, 2011:325-367.

[6] Rafiq M T, Aziz R, Yang X, et al. Phytoavailability of cadmium(Cd) to
Pak choi(Brassica chinensis L.) grown in Chinese soils: A model to eval—
uate the impact of soil Cd pollution on potential dietary toxicity[J]. Plos
One, 2014,9(11):1-9.

[7] B 6 EE, 2RISR, LI A 48 i b2 R SR IR B 0t e
[J]. TF5- 3R 85 W, 2006, 20(3): 153-158.



2436

KA IMERF 217 eI R

CHEN Fei—xia, WEI Shi-giang. Study of chemical extraction of heavy
metals in soil[J]. Arid Environmental Monitoring, 2006, 20(3):153 -
158.

[8] Chomchoei R, Shiowatana J, Pongsakul P. Continuous —flow system for
reduction of metal readsorption during sequential extraction of soil[J].
Analytica Chimica Acta, 2002, 472(1):147-159.

1% 7%, EmeR, ik 5, & B Ol OR (DCT) Ay BiE K 5t
FEFRE PR T AR ISR A5 A b 3 5 D] A olk 37
ERl2AAER, 2011, 30(2):205-213.

LUO Jun, WANG Xiao-rong, ZHANG Hao, et al. Theory and applica—
tion of diffusive gradients in thin films in soils[J]. Journal of Agro—Envi-
ronment Science, 2011, 30(2):205-213.

[10] Guan D X, Williams P N, Luo J. Novel precipitated zirconia—based
DGT technique for high—resolution imaging of oxyanions in waters and
sediments[]J]. Environmental Science & Technology, 2015, 49(6):
3653-3661.

[11] Tian Y, Wang X R, Luo J, et al. Evaluation of holistic approaches to
predicting the concentrations of metals in field —cultivated rice [J].
Environmental Science & Technology, 2008, 42(20) . 7649-7654.

[12] Nolan A L, Zhang H, Mclaughlin M J. Prediction of zinc, cadmium,
lead and copper availability to wheat in contaminated soils using diffu—
sive gradients in thin films, extraction and isotopic dilution technique
[1]. Journal of Environment Quality, 2005, 34(2) :496-507.

[13] Tandy S, Mundus S, Yngvesson J. The use of DGT for prediction of
plant available copper, zinc and phosphorus in agricultural soils[J].
Plant and Soil, 2011, 34(6) : 167-180.

[14] 5K #f, skFE0E, FRERR, 55, (BB SR EEY Bl IR AR

LR A8 ) LEELTT. ROl FRBERE 2241, 2011, 30(7)
1398-1403.
ZHANG Qian, ZHANG Yu-feng, WANG Xiao—rong, et al. Comparison
of sequential chemical extraction procedure and DGT technique to
measure effective arsenic in sediment of Lake Taihu, China[J]. Jour—
nal of Agro-Environment Science, 2011, 30(7 ) :1398-1403.

(518 oML 9h 25, T LW, S5 JE TRy B R A T5 4 -

SRR A A BRI AR FREE R 254, 2014, 33(7) :1279-
1287.
YAO Yu, SUN Qin, DING Shi-ming, et al. Diffusive gradients in thin
films (DGT) technique for evaluation of cadmium bioavailability in
heavy metal co—polluted soils[J]. Journal of A gro—Environment Sci—
ence,2014,33(7):1279-1287.

[16] K77, EJ500, Tk BR, 5. B IR (DCT) 565 fL

JrEEAR BRI Cd BYXF L[] B4R, 2012, 31(12):1960-
1967.
SONG Ning-ning, WANG Fang-li, SHEN Yue, et al. Comparison of
the method of diffusive gradients in thin films with traditional chemical
extraction techniques for evaluating cadmium bioavailability in rye—
grass[J]. Environmental Chemistry, 2012, 31(12):1960-1967.

(7] KT 7, EI5 0. 56T 0 R B oR /) PE PRV 3 1
SR EY I A WA ORI SE D], R FREERL 22440, 2012, 31(7):
1317-1323.

SONG Ning-ning, WANG Fang-li. Assessment of lead bioavailability

by diffusive gradients in thin films(DGT) in mulberry fields of Guangxi
Huanjiang River Basin, Chinal]]. Journal of Agro-Environment Sci—
ence, 2012,31(7).1317-1323.

(18] EI5W, KT 7, I, .+ RV R G P B WA s
PEWFFEI]. Ak FREERF2E224], 2012, 31(5):904-912.

WANG Fang-li, SONG Ning-ning, WANG Rui-gang, et al. Cadmium
bioavailability in soil-sugarcane system[J]. Journal of A gro—Environ—
ment Science,2012,31(5):904-912.

[19] &g, L 3efly A2 20 07 iR IMD. AE5T . A AL B2 Rk,
2000 12-24.

LU Ru-kun. The analysis method of soil agricultural chemistry [M].
Beijing: China Agricultural and Technology Press, 2000 12-24.

(201 =2 BBI8. 28 BRI D0 5 398 FH ) 455K (] v DB B AR B ™ s
2014,5(9).184.

YUAN Na—na. Determination of soil field capacity with indoor ring
shear testing[J]. China New Technologies and Products, 2014, 5(9) .
184.

[21] Zhang H, Davison W, Performance characteristics of diffusion gradients
in thin films for the in situ measurement of trace metals in aqueous so—
lution[]]. Analytical Chemistry, 1995, 67(19) :3391-3400.

[22] Houba V J G, Temminghoff E ] M, Gaikhorst G A, et al. Soil analysis
procedures using 0.01 M calcium chloride as extraction reagent[J].
Communications in Soil Science and Plant Analysis, 2000, 31 (9/10):
1299-1396.

[23] FEARAR, MBI, 5 5%, 5. WA KR IX LI 4w 9 S E AT

FET). A BEAAR (A ABHARRD, 1982, 1(1):96-107.
WANG Hua-dong, ZHU Yao—ming, ZENG Lian—mao, et al. A study of
the background value of the heavy metal ion in the soil of Huangshi—
Daye area[]]. Journal of Central China Normal University ( Natural
Science ), 1982, 1(1):96-107.

[24] Kibria M G, Osman K T, Ahmed M J. Cadmium and lead uptake by rice
(Oryza sativa L. ) grown in three different textured soils[J]. Soil & En—
vironment, 2006, 25(2):70-77.

[25] Williams P N, Zhang H, Davison W, et al. Evaluation of in situ DGT
measurements for predicting the concentration of Cd in Chinese field—
cultivated rice : Impact of soil Cd:Zn ratios [J]. Environmental Science
& Technology, 2012, 46(15):8009-8016.

[26] Han C, Wu L, Tan W, et al. Cadmium distribution in rice plants grown
in three different soils after application of pig manure with added cad-
mium(J]. Environmental Geochemistry and Health, 2012, 34(4).481-
492.

[2715K I, sk, ZREEET, 55, Cd Iha X KRR SRAR R Cd Moy e

SRR A FREERL AR, 2014, 33(12):2288-2295.
ZHANG Lu, ZHANG Xi-zhou, LI Ting—xuan, et al. Effects of cadmium
stress on uptake and distribution of cadmium in different rice varieties
[1]. Journal of A gro—Environment Science, 2014, 33(12):2288-2295.

(28] SKELIR, Y%K B, TG, S5, KA /N2 RPRLER 59 A AR RO
AL KT $RETRLE, 2010, 31(2) :488-495.

ZHANG Hong-zhen, LUO Yong-ming, ZHANG Hai-bo, et al. Charac—
terizing the plant uptake factor of As, Cd and Pb for rice and wheat ce-
real[J]. Environmental Science, 2010, 31(2) :488-495.



RN 5. TR OBEEE AR VP A RS F -0 R0 A A2 2437

[29] KR HE, W F5 o0, R, 6. hE 1R AN REE SR AEY
ARSI [T]. A IR 5, 2015, 34(2) :257-265.
ZHENG Hong-yan, YAO Xiu-rong, HOU Yan-lin, et al. Establish—
ment of heavy metal bioaccumulation model of soil pattern—crop system
in China[J]. Journal of Agro—Environment Science, 2015, 34(2):257-
265.

[30] Song W E, Chen S B, Liu J F, et al. Variation of Cd concentration in
various rice cultivars and derivation of cadmium toxicity thresholds for
paddy soil by species—sensitivity distribution[J]. Journal of Integrative
Agriculture, 2015, 14(9) . 1845-1854.

[31] Tessier A, Campbell P G C, Bisson M. Sequential extraction procedure
for the speciation of particulate trace metals[J]. Analytical Chemistry,
1979, 51(7).844-851.

[32] X 44, £ ki, XK, 4. SR R iTRUY b B 4 19 75 Y

KBS AL S840, 2010, 29(5) : 875-879.
LIU Ai—ju, WANG Hong-hai, LIU Jia—di, et al. Characteristic of con—
tamination and speciation of heavy metals in sediment of Xiaofu River
in the Zibo Section[J]. Environmental Chemistry, 2010, 29(5).875-
879.

[33] AEALIH, S dnd. +3EH 2 Cd AR5 Cd iR LRI FRBE b
#,1992,11(3).:41-47.

XIONG Li-ming, LU Ru-kun. Extracting mechanism of chemical ex—
tractants for available cadmium in soils[J]. Environmental Chemistry,
1992, 11(3):41-47.

[34] Menzies N W, Donn M J, Kopittke P M, et al. Evaluation of extractants
for estimation of the phytoavailable trace metals in soils[J]. Environ—
mental Pollution, 2007, 14(5):121-130.

[35] FE#HE, T30, FRER, 55, RKITIRY) h R IR IE & KL

TR A B BRI R R (D). IE AR, 2011, 23(3):321-324.
REN Jing—hua, MA Hong-rui, WANG Xiao—rong, et al. Speciation of
Cd and its relationship with the bioaccumulation of Corbicula fluminea
in the sediments of Lake Taihu[J]. Journal of Lake Science, 2011, 23
(3):321-324.

[36] J5 FIF, B2, BRIEUR, 4. K =MABR=MAOl L gerh g 5.
WAL S FAL]. W E A SRR, 2007, 15(4) :39-41.
FANG Li-ping, ZHANG Ming-kui, CHEN Mei-na, et al. Chemical
forms and transformations of Pb, Cu and Cd in agricultural soils of
Changjiang and Zhujiang deltas[J]. Chinese Journal of Eco—Agricul—
ture, 2007, 15(4):39-41.

[37] Xian X, fif2245, 304, ¥, pH X5 4% L5 Cd . Zn F1 Pb (k2%
TEZS B AP BLBISE R[], LI ERE, 1991(3):34-37.

Xian X, SHAO Xiao—hou, HOU Wen-hua, translate. The effect of pH

on chemical forms and phytoavailability of Cd, Zn and Pb in contami—
nated soil, and influence in the plant[]J]. Journal of Soil Science
Progress, 1991(3):34-37.

[38] Luo J, Zhang H, Zhao F ], et al. Distinguishing diffusional and plant
control of Cd and Ni uptake by hyperaccumulator and nonhyperaccu—
mulator plants[]J]. Environmental Science & Technology, 2010, 4(4) .
6636-6641.

[39] Sonmez O, Pierzynski G M. Assessment of zinc phytoavailability by dif-
fusive gradients in thin films[J]. Environmental Toxicology & Chem—
istry, 2005, 24(4):934-941.

[40] Kim Y Y, Yang Y Y, Lee Y. Pb and Cd uptake in rice roots[J]. Phys—
iologia Plantarum, 2002, 116(3):368-372.

[41] ZeRkFS, BRCHA, £ B, 45 RIFRARUK R & 4R S s e )y 22

ST Al IRl 2R 24 4], 2016, 35(6):1028-1033.
CAI Qiu-ling, LIN Da—song, WANG Guo, et al. Differences in cadmi—
um accumulation and transfer capacity among different types of rice
cultivars [J]. Journal of Agro—Environment Science, 2016, 35(6):
1028-1033.

[42] FRSCIRL, BRiH 52, FEASHS. R H AR 25 3R G0 P s e B IR0 XU 4 3
D] Al A BE Rl #24, 2014, 33(9) : 1669-1678.

SONG Wen-en, CHEN Shi-bao, TANG Jie—wei. Cadmium pollution
and its environmental risk management in rice ecosystem[J]. Journal of
Agro—Environment Science, 2014, 33(9):1669-1678.

[43] Grant C A, Buckly W T, Bailey L D, et al. Cadmium accumulation in
crops[J]. Canadian Journal of Plant Science, 1998, 78(1):1-17.

[44] Uraguchi S, Mori S, Kuramata M, et al. Root—to—shoot Cd translocation
via the xylem is the major process determining shoot and grain cadmi-
um accumulation in rice[J]. Journal of Experimental Botany, 2009, 60
(9):2677-2688.

[45] Lehto N J, Sochaczewski L, Davison W, et al. Quantitative assessment
of soil parameter(Kp and T¢) estimation using DGT measurements and
the 2D DIFS model[J]. Chemosphere, 2008, 71(4):795-801.

[46] Ernstberger H, Zhang H, Tye A, et al. Desorption kinetics of Cd, Zn,
and Ni measured in soils by DGT[J]. Environmental Science & Tech—
nology, 2005, 39(6):1591-1597.

[47] Ernstberger H, Davison W, Zhang H, et al. Measurement and dynamic
modeling of trace metal mobilization in soils using DGT and DIFSI[J].
Environmental Science & Technology, 2002, 36(3) :349-354.

[48] Zhang H, Davison W, Tye A M, et al. Kinetics of zinc and cadmium re—
lease in freshly contaminated soils[J]. Environmental Toxicology and

Chemistry, 2006, 25(3 ) : 664-670.



