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Speciation and Bioavailability of Heavy Metals Under Combined Pollution of Cadmium and Lead in Arid Oasis
Soils
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Abstract: Pot experiment and Tessier sequential extraction were conducted to study the speciation of Cd and Pb forms and their bioavailabili—
ty in rape(Brassica campestris L.) in the oasis soils. The results showed that after soil polluted by selected heavy metals, the distribution of
their chemical forms changed in soil after pollution by Cd and Pb, and the largest response was exchangeable form of Cd. Cd existed mainly in
carbonate—form, while Pb mainly in carbonate—form and Fe—Mn oxide bound form. The combined stress with Cd/Pb in a certain range could
promote the growth of rape. Cd/Pb content in rape roots and shoots increased with increasing combined stress concentration in soils. Cd con—
tent in stems and leaves was much higher than that in roots, and Pb was exactly the opposite. Rape could transfer most Cd from roots to stems
and leaves, while the great part of Pb remain in roots. The exchangeable form and carbonate—form made the most contribution to the content
of Cd in roots, while carbonate—form made the most contribution to the content of Cd in stems and leaves, and Pb in rape.
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Mol igh BB & B LR A IR S BB HHAR
RESE 4 X WL EE £ B 7E IR P A4 T R A A A5 8K00E
PR RS, N EFRE A EET L RENE
LELERESE LSBT AR, M5 EPE
SRNHY A EEMR, ik, AU 15 E
& RIS BHET T, BN I E 4R AR IR
TEASHAT T, Tessier T A% S 32 B RS 1A AE
—EARE R IE BRI E LB SRS RN
IRz e,

I P T 5 X B X2 PG b b X 5 S A
WEREZENEE, TRX SN L IEEL RIS
BEE R ENAR = & 2T BN K IR& 5 51t
TSR R, B LENTRX SN HIEE SRS
LR HEA T 208 A TR 9T TAE, SR B A 3 E
PEdb X T R X M + = BB YA
AR NG Z . B, AR SCR A Tessler #4457
BB G, BN RS HIRT T R X 5 135 Cd/
Pb & A hESHmEEAE KM R HE S BB S N
f5EAERNE, UBRAASET R XS0 15 Cd/Pb
15 YDA B A IR PRI — 2 BB KR

1 #BREFZ

L1 it

Ptiat 3 A R PG A RSB 4 L, RAEIR
0~20 cm, - 3EAFFR ES , HERNEE B, T AR
BF i WAL T, B, B BRAR 2R S A 55 554, 1ot 2
mm JE i o HAEARTA N . pHS.16, ALK
Fr R 1.54% , R EL & B 5.64% , P B T A0 & 8.10
cmol kg™, HtiX 13 Cd.Pb HYF RS ESHIH 0.55,
15.92 mg-kg™,

PR 55 32 KI5 ( Brassica campestris L.) , W H 5k
Wik AHE,
1.2 RIi&it

BT IA L5 kg 13, I AR R K
E LR (LA ERER KA WIE A ), - A5.00 g
FEAFEAVRFIEF TR - S WHEK R E 314
FAT o MEE FRE LS KEHHBEFRKER
66% , fRFF 4 d JEFARAVETIERE AR, A K
7d R, B EE AR, EK 66 d JFIR, REL
BEFAEYIRE & IR A A IR R 4.
HERE R AR TS 1 100 B Je i Fl . MR 2
105 CAE 2h,75 CHTZE{EHE, FRE, B, i 60
B Je Jeiite F o
1.3 o#rikik

PRI FE AR R A AR AL H A BT 2,

+3ERE 5 Cd . Pb 948 F HNO;—-HF-HCIO, =
PREETH AR, TEA S B Tessier T 45 % 4032 B 43
Bt B RARBUE BRI 1,

FEYIRE S GB/T5009 #LAE i) HNO,-HCIO, {RA
PFRVETH AR o LA B2 SR MBI 250 mL 9=
AR, A 10 mL(EZEIA 20 mL) F ¥ HER 12
WS, 25 2d DL HNOsHCIO, 2 4:1 By EL B AR,
BT AW _E PRI, RS sE A, dRS A
TR (HLBIERT ), EE L EEN, Z 2T TRE
T HEEEE R 1%0%# HNO; 1338 E A F 50 mL
R, FE

F R W 62 4% (Thermo Fishier, SOLAAR
M6)ill%E Cd. Pb )& &, ABREVE TR il AR i 28
1.4 RERIE

S SR A 20% AT R LGSS-1 AR A AN
GSB-6 PR it b TR B M IR E I HITE 5%
DA AR e g, Seie a8 ILAE 3 A RT3
F 10%65BRIZ2 24 h D) |
1.5 BB EE

¥ FH Microsoft Excel 2003 F1 SPSS 18.0 #£174iE
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Table 1 The sequential extraction procedure of heavy metals fractions in the tested soil

P & B M
1 A ZEAR(EXC) 8 mL 1.0 mol- L™ Y MgCL(pH=7.0) 25 CHKF 1 h
2 WRiREL % A4S (CAB) 8 mL 1.0 mol-L™ NaAc,HAc & pH & 5.0 25 CHR% 8 h
3 BAEEALA(FMO) 20 mL 0.04 mol - L NH,OH-HC1 f 20%(V/V )HAc Y5 (96+3)CIZ42 4 h, RIEIRES
4 BEHIEEAOM)  (1)3 mL 0.02 mol-L™ HNOs+5 mL30%H,0, Fj HNO; & pH % 2.0 (85+2)°CHH2 2 h, A BIRS

(2)3 mL 30%##) H,0,, A HNO; & pH & 2
(3)5 mL 3.2 mol - L Z,F%k% 20%( V/V )HNO, Y5k

5 RS (RES) HNO,-HCIO,~HF

(85£2)CR 12 3 h, [AI#IRE
25 CHR¥ 30 min
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2.1 Cd/Pb £ GRMBEXHSEEMERF MM

HRA AR Cd/Pb 2 A MHEKE T4
YRR 2. BEESE A AR E I, WAL
(A B S B SR R s/ M s S, ELTE TS1 K
BENEKAE, I TS4 KT R/ T3 R . S5 BB A AL,
RAMTFEN TS3. TS5 Z RN EE(P>0.05), 20
BN TS1,TS2.TS6 /K22 5tk B 3 (P<0.05) o 1%
G5 RFEH, Cd/Pb B A MHEXHIEM B EERE -1
Rk, TRk EE AR, &
Frizilfn v B R B0 HIVEF
2.2 MIEFMAEIEXS Cd . Pb BRI

22 AT, JHEEAR R AIZENT ) Cd.Pb & &Y
B Cd/Pb &4 fhif vk B (4 I i T R 8238 fin, Cd 2y
2R RE P MR 2 . 53T BRARE, IR AR Cd &
BH T4 K FEFFHZEF B (P<0.05), %M Cd &
B TS3 K FEFirEFBE (P<0.05); REFMZEMHH
Pb & BN T4 KFEFHE SN BERBE (P<
0.05), KR BN, FHEEH Cd 1 Pb A HIEHAT
W%, H Cd G ZEZEm v, Pb MM B ER R . X
AT RESEIMEENT 2 RO R MZEHEEAR SR 75K
B8 v B S B P R A TSR B AR R L 2 B R
{BEARRIFRAINT Cd F1 Pb TR A R Bl
2.3 Cd.Pb FEZ M LIERMIFES MEFIE

Tissier A ELEESRIE KB EL B OIS S
R AT R e A (EXC) R BRER 45 & 75 (CAB) A A Ak
A(FMO) . HHLE A (OM) sk (RES ) . EXC 7E
PRI R, X 35 A AL IR AURR, 5 B RS T Ak R M A e

W™, CAB 7 pH FEARET 5 B HS Sk pl A= 1 R0,
FMO &858 i B 4 A 2 B, OM W A #LEE
EEER ARG S E 5 EE B WTTE
A G B, (H 3R EALSR AT X PIFP TR A 1] RE Bk 43
FER, B EESEE Y 5 IREYFHHEN, RES
— MR , IEE AR T A S B iE K R E T
T R G R, R A A RN e AR,
RIYAS A BEXT A Y r= A R ™,

MBI R E , LT ES RN STEAL
FARMBERERE, ENHEEMAEYA R REAR
P, ARIESTE AR A R PR /INAT DI Rl fh 2
TEAR AR A AT TT R AR, He
B AMIE EXC Al CAB, XWMIEENESERS
AR, BEER SIS FMO 1 OM, BEf1RA
REESBHEERMEE, ATFHHE—KETE
RES, XA ¥ Fo34™,

HERBWERS M LSS AR EBCER
iE, AR A HIEPXELBSES S EENT
i, B 1. E 2554 H T Cd# Pb EEARFSMNEES
JEE T B & BRI BL R B ARSI
2.3.1 Cd.Pb FELRI IR 58 T 28 20 i FFAE

JFR £ RAR TR A SMNEE & B A NS I T FpE
WSRE R 3, X% Cd.Pb MIRAFTE M 2
Bk, HEEFEE C.PhBFHLEEHRERR
REBEHEPKAZ W FEMEARR, HEXTER
EXC #MY AR5 E A AR 2 Pb KF Cd™, Cd [
FL2ETE A S A B 3 CABSFMOSRES>OM ~EXC, Pb
() 4k 2 B 25 23 A AT 7 FMO>RES>0OM>CAB>EXC,
JFUR 13 Cd\Pb 43 F| Lk CAB . FMO A FE IR
2, UtBH Pb MOTE SR Cd 1Ko

R2 HREAFBEKETHTERESRSE

Table 2 Dry weight and heavy metal content in rape under different stress levels

e HER IR /mg-kg! WRTE/g Cd & f/mg kg Pb {it/mg kg™
cd Pb GiE W& =t LiiE =t
TSO 0.00 0 0.11+0.0lcd  1.6320.13bc  0.98+0.10a 0.66+0.05a 8.530.68a 0.400.03a
TS1 0.35 75 0.17+0.02¢ 2.17+0.26¢ 1.07+0.15a 227+027a  19.09+1.15a  0.61x0.06a
TS2 0.70 150 0.17:0.02¢  1.99:0.18de  2.19+0.20ab  5.1920.47ab  33.51:2.68a  0.76x0.11a
TS3 1.05 225 0.11£0.02d  1.78+023cd  3.54+0.57ab  8.56:l.11bc  56.96+9.11a  1.11x0.14a
TS4 1.40 300 0.08:£0.01ab  1.58+0.13abc  5.84#047bc  14.13x1.13cd 110.19+14.33b  9.01x0.81b
TS5 2.10 450 0.09+0.02bc  1.49+0.18abc  9.28+1.58c  19.41+2.32d  118.61x13.05b  8.80+0.97b
TS6 3.50 750 0.06:0.01a 1.23£0.19a  13.88x1.81d  33.5025.02¢  200.82+26.11c  17.86+268c
TS7 4.90 1050 0.07+0.01ab  1.46:021abc  16.12+2.90d  34.75:4.87e 311.61x43.63d  18.2622.57c
TS8 7.00 1500 0.07+0.01ab  1.39:0.18ab  24.96x4.74e  49.86x6.48f  520.72+62.49¢  36.06x5.77d

R PR F I E AR (n=3) , AR TR FR B AL B A 22 57 B3 (P<0.05)
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2.3.2 Cd 7ESMAHR TP IE S R 4HIE

& 1 75, BEZE MR Cd/Pb % HN, Cd BIEA
1S BEI7ERE N,/ OM 1 RES HK B EERIE . B
SECRBA AR P Cd WIEE A HMALET
BEAME, H EXC.CAB.FMO.OM RES 255 25
BH 131%.86% .123% . 48% .44% , 7] I, , St/ FL il
58 B Wi N EXC 5K, RES /. Cd MBRAZTE A LA
CAB N %, HABL R BK T 50% , 3 Je 8 fin a5 vdi/ o
EXC M0 T R BUERFSE A, LR85 it
BRI, W OM A1 RES H/ e REFEfrse
BNERAK, Cd AR ENE 60%L E, TS5
KFEEZEFIE 81%, AW, 4MK Cd #ALEE SR
R FEAREY, Cd BTETES ] TR B R E R
.
2.3.3 Pb fESRNAER T3P MTE B 0 f4HIE

FE 2 AI50, 7EMHSE LT Pb RIEAM SR
BEESME Cd/Pb FIAS NN . N TEZS I 2 BB 1L
KRE, INEREAT5YY) Cd.Pb (A, it Pb

0
TSO TSI TS2 TS3 TS4 TS5 TS6 TS7 TS8
KEFERIK

WIEESMEET BELK, H EXC.CAB.FMO,
OM .RES {75 5 Z 504> 51 158% .100% .73% 64% .
30% , EXC W) 5, RES W&/ o Pb (IRTERA
53R LA FMO F1 CAB R, 43ECRECH FMO S n
JE¥/IN, CAB 52381, EXC 0 L R EEERS
Cd 9 EXC #Hftl. OM 1 RES f4 Bt 2 B3RS
ZRAK. Pb AR B TS8 /KA KA
57% W], 5ME Pb #E A + 385 5 FOR A ES T
AR B TR, AR E MR, BA K Cd,

2.4 Cd.Pb WHEMERY

Rt — BB - R G T E 4R Cd.Pb
MAEYARE, EEARRNES BT RS L ET
B E BRI RN 3,

THSEMR ZFZEnt i Cd.Pb & &5 LA
TLEMERBESHEEREENEHXLR (P<
0.01), M R EI97E 0.95 LU b, AR, SHYR A
R EFABRE C—E NEY TR, R
i DI bR E X SR IR ) TRk B R BTE S, W AR RIS
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Figure 1 The concentration tendency and percentage of five forms in different levels of Cd
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Figure 2 The concentration tendency and percentage of five forms in different levels of Pb
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NESREMNSESESRESESN G EBE LI
0T, BRI 4,

ZER BN, TSR R Cd BREENESH
EXC 1 CAB, TiXfZEm- Ml Cd DL B I Pb 5T
BRECR AN CAB, & SERSEAE SR P 19 b B
W45 R R CAB XS i) Pb Sk K™,

FEt, ZBMEARRA Cd.Pb & ES 15
FHMNTENEREERBEMEMRXRLR (P<
0.05), RAMEEHMUMELESESHEELRE
BY R H AR, B E S R A Wk (28 )]
DAAR 47 ZRAE 11 S8 [R) BB A7 %o BB 4 R 9 MR O AIE
A EHE R 5 B TIEARESRNESES
TEPESBEERZ SIS, T, RE
THSEAFEBAL A Cd Pb & &) FEF| Bk
AL ABFEBAR A SZBR R, (2B RIEE E A
AN M

3 i
31 EERAHERAL

A RSSO R T S P W M L 5 AT
Ve R 5 R A B BRRER SR Y P

R YIVE IR Tessier 5 FEZRLS, Hefbid e
ZEBRMARREW , N2 T R E R/
2R Rk AL REE SR AFRMESE TR S L
B YA RMEAE, LIEES RS FIE
AN LB B RS T3 CaCOs B A ML &
BEA K,

JEAR 8 2 FOTRIE R K EXC H&RAK,
AR T pH R, JB oS, W2
MITENE RS BATEN, BE IERRTESE
BT VR AR, B &R S ALY Vs f BN, B3
BHTEHEZZIMBIFE. S, BT EXC FER/D,
WA T BB & B K TS A2 5 LT B 2k R0
SR Rl SR S i AT S S 14 B Y PR TR
HEHER, Cd7E LS OHFI CLE B G BT 5
T, HEAARE TBIINEELRP, MESEIT
& Pb 78 - 5 I¥ VA % /M PbCOs. Pby(PO,), il
PbSO, Z5UTTEY) , HAE HEH ARG 5N, Cd #EA 13
J& EE Y B A E M 3, T Pb 322 D4R S I f
T ILEIE A E B S, A BR3P, inASh
BESREE, WA R F Dy A PR R E B
F R I BOR B A PR AT, B BOR A B

R3 MRBBUESCESESIRIESEESSENAXES T

Table 3 The correlation between the concentration of heavy metals in the rape & their concentration in the soil

LR AL EXC CAB FMO oM RES Total
cd W% 0.973% 0.977%* 0.947%* 0.948%* 0.277 0.995%
e 0.950% 0.976%* 0.911%* 0.934%* 0.224 0.978%*
Pb W% 0.974% 0.993#* 0.964%* 0.963** 0.569 0.986%*
2} 0.956%* 0.981%% 0.971%+ 0.961%% 0.536 0.981%*

0 R AR AT 0.01 BEHAKFE, TR,

R4 MREHUECRSESTRTESRESSENZRSEEST

Table 4 The stepwise regression analysis between the concentration of heavy metals in the rape & their concentration in the soil

HEEILR LA B EA T R? R F P
Cd RER Y=10.336EXC**+3.668CAB**+1.306 0.994 0.991 148.782 <0.001
= Y=13.969CAB**+1.362 0.953 0.946 140.927 <0.001
Pb RER Y=1.104CAB**+3.376 0.985 0.983 472.335 <0.001
= Y=0.078CAB**-0.238 0.963 0.958 183.541 <0.001

RS MEEMUECESESTRIESRLENTES T

Table 5 The regression analysis between the concentration of heavy metals in the rape & their concentration in the soil

HERILE AL SEEWEHE R R F P
Cd GEES Y=3.603Total**+1.045 0.990 0.989 706.045 <0.001
=0t Y=7.378Total **+3.127 0.957 0.951 155.139 <0.001
Pb WHR Y=0.589Total **-20.482 0.972 0.968 240.176 <0.001
znt Y=0.042Total **-1.995 0.962 0.957 177.620 <0.001
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FRIPERE, B Cd.Pb 78 - VA H AT B S T
R A G B A, WM s Cd 5 HEPIE
R R, f#145 EXC A Frigin™, Hik, Cd fi5EE Pb
&, BEE TSR MR , T IR REE AR PR o W 5 1Y
YER RA T 284k, 8 58 Cd B ok, #1458 Cd A
BUAS Y ARG i B K

S R BR B ST L AR SR B AR Y
RSB KO AR T B RS R
SHEEEWEES, JMNEEERESREEA L E
J& BT B AR UIVE BER 456 NS5 b R, TR
] HATE S5 AL WA [FITE 2 22 0] B AL R e 3K
WP HATHY , KA AR 1 B 735 el
HEHHAAGRBIEAR AL, XF Cd s, 4+
R HE S CaCOs, Hi H R Zn? Ca® Mg
FHBE TS Cd* % L3P A BORAFALIE & 8
Sy BB EENL, T L3 Cd AR IFAIIR D , 45
Eingh, NHBEHE T Ca S & E B C A LI
BT, 55 CA MR s AR A KPS T £
HEX Cd B PR, T T TSR Cd BfER
B, AN, F5EIX Fe A1 Mn & ERHIE T2 1355
FEP, T 13 Cd MBS Bl 5 W F Cd S FFp
H5HEAFR,FMO 7 Cd AEEHEWM Cd, #EHEIE
FATE, SEHES HEPSREEYSER
KB, B, R 3 Cd =2k CAB # FMO, {H
FMO %t & &5/

+3E 9 Pb B R 22 50T BB 48 i A
YRR P, AR R, LM pHE S
P RE B8 R 345 F Pb B & &5, 13
W T RE RUEARAR TG R B AL R SRR o B th &5
M 3 Pb AIEAS A R IG H R 3 = 2 D)
FMO F1 CAB HFERAFIELE, MA¥EHERIELF
Pb FELL FMO 1 OM A E£®, 544K 45 A, M
SR AR R 3 & B AL #1153 CAB IR U R 5
B
32 BEEENEYERHE

H 48 1A YA %M (Bioavailability ) 8 H 4 J&
RERAE R e slot A= Wy = AR B R, 7T el (e B Y
B MR A W ARV BB TN, B VR TR
AP FEAR PR L FEA T AN SR
WA

WA AT, SR SE R A A AR
L& CAB fl1 EXC, FIRESEIMEEMRI RS AL T 38R
pH B8/, F30T CAB Bk 2] 3BV b, AR BR

HE R MHEER S TR ARG LRSS 5 WY
BEHE, RBR A TIEN pH . Eh AHIR S &SN
AR F7 3 R X R AR AL SRR T B TR TE SRR R
Ak 2t PR DA R TE SRR N RS » T3k MR
&8 SHMIEARMAL T2 5, KR 50
Cd.Pb — EL M I psi B, 3282 UK L AR 7
Jo BT AR R 438 4 S A FEE2, OML FMO %% Ay 33 mT iR i
FIFR) CAB 5 EXC AR , A FEE 5 A M Bt
M T ik e bt FE . Mench 255 PR, AR FR 4TI
Vel LAV ik eh B A0 , T3 e R AR A A )
AR, BN E BT A FHRR I B,

4 #ig

(DTEHNE Cd/Pb ISR OL T, TR X ek 4%
# Cd.Pb pHILIBREREEZE 525 (CAB), BREAMLS
(FMO ) AR . H525MR Cd/Pb {5445 , Ha& )R
HIFESAE R E T2, Cd BIRAFTE AT LARK
MREh 455745 (CAB) A E, Pb U KLk E L2 (FMO)
FIBRIRELZS & 5 (CAB) A E, HIFLAA] S22 (EXC)
Wi S £ K o

(2)Cd/Pb 52 Hi8 X5 o 35 ) 5 5 1 A E 5 i
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W% Cd/Pb 25 MK FRTH R mRrseg . Cd oo
R NZEM A RIEE R TARA,Pb TR Z,

(3)XH{HSAR R Cd JREZERIEE N EXC A
CAB, i Z5mM- Wi Cd A= Pb SRk SR AY
W% CAB.
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