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o, TR Ak 2 A T A 8 A2 B R RN 22 T ROAR I B A v T A RS e IR B R ek, HiAlifk
ROR R ALFRAS RN T Z 98 . AHLYRL . A K ABERR ER R IRz . As i, BXHEEEAE RIF
FIEEFERCR TS, (B b 3 A EEfE R B LA R K25, ALY RHE R LR R 2y, HA
S AT LGRS/ GG AR A T RN E R A R, SORT DL i 5 ) - 3 P AR o
N A BERGCAE Wy 0 A BE 5 T 1k DA TR el e o 4 e i D A K SRR IR i B AL AL —, A K
2 3 2o 4 R 4 pH DU PO A SRR BT B ke TR Y UL UE T B AL AT AR B R AR TT DL S
Pb JE IR R TTTE , JF H Y T h e CU . FARR R B i, W LUE AR e i B8 i,
AR R A B, R F AL 7E 58 0 3 A OF R Y A0 - BRISORE AR S 38 A B AR 1 2
whar, PS5 ESREMMIRAES R, ARRHR LA 5 EAEAR R L EE AR, F3
AR 22 7 19 By SR 5 HH IAE R 8 I RE ARV R 2 ), TR, 7 R 9 At Ak A8 B2 38R Y [
1 % P 4 R E IR RIR R B AL . BAR G T Ph s R R kB E O A KiE
fRIE , A4 K 22 500 58 440 L SV S A A, B A RS I X AS [RDRE %+ HE P AR RS i AR Y
XM R D, BiALFME S P i5 4 380 PN AEROWHLEIS AN BRI, 4l Ak b 3 5 9 -+ 800 LAl 24 5%
I BT 8 5% 1) 18 AR PR ST o

AHEFE LLAME Pb 15 Y i S M B BIE S X &, DASEIRAE . K. BEIRER M EEIE AL L, Wit =
WAELLRT R, e TR AL X SRR Pb ¥5 Y 0 B AR E AR, b TR G AL 7 7E A
[ VR I T 76 45 R 5 R X Pb i & AR FAUE S A e, 5 TSR X Pb 7R
RIS P R R AL AL A I B2, DA OR SRR RE . K . BEERERAE Pb 15 Y B 5T P 1 i &R
B A& 5 5 Mg e A AR R Rt S5
1 MBE5ERE
1.1 il

HER R [ SR BT AR IR X HE 38 M (106°39748"E, 26°21720"N), RAEIRIE N 0~20 cm, pH K
6.46, a1 FEK N 30.40%, FHE TAc# & K 31.30 cmol-kg ™', HHLFG &8 K 36.89 gkg!', A S
w220 gkg!, WA RN 058 gkg !, HAHEE E OV 4132 mgkg!, &M S E N 1246 gkg !,
Pb & 8458 mg'kg o HREMHIEFTEANXTEL 2 mm i, LLor#raligk Po(NO,), i Wk 45 5
A B R g (i 358 Pb A EEIAF] 2 000 mgkg !, FIHFRE B A4 K, I 60%
A ) RE7K A, 60 d 5 KT, BEAHLE 2 mm G, BBl Po 5 g 35

MBI 2 ) o EBRAE . A K (Ca(OH),). B2 £k (Ca(H,PO,), H,0). HHr, FER H 5t/
B ILEFRG Y, T AKRKHTERCEER, KT 2 mm figH, HPb &0 128.81 mg-kg™';
A1 IR K iR R 34 R oy b 4
1.2 LIt

BifbSCs il 34, b 12 b, IR 3R KR IRZS (AR (CK) W, SE AR
W N 1%, 2%, 5%. 10%(GM1, GM2, GM5, GMI10); A KEMEN 1%, 2%, 5%. 10%(L1 .
L2, L5, L10); WEERERIRIME N 1%, 2%. 5%. 10%(P1. P2, P5. P10). H{ 300 g 4Ll Pb y5 4L 1 1
BT 500 mL BUEHRERR e R LK - SRR AR AT, TEIR T R EF 60% H [ HEK &,
BiALE R 45 d IR HORE, AT R EE 425 H .
13 AELTERED S

Z: 1 STEMMER %5V IR K 2= S8 WA 58 5 v, B 5ex it 2 mm i () EAE R4 788 75 b 3, 7
I 0 9 43 B LD KL (2~0.2 mm), fi S5 MR Stokes 24, i T ES O KR 4 B A5 B 40 VD kL
(0.2~0.02 mm)., H KL (0.02~0.002 mm) F1 FH kL (<0.002 mm). i A48 43 B By dE B, 4 B ek
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J& ., Sr EDE T SOE kL BE AL (Mastersizer2000, 3 [F Malvern 23 1) T 4% % 9% + 58 (4 57 72 43 A5 #E 47 50
IE o K BT AR RS ARIAE 3T 50 ©C FHET, NI 0.149 mm 5 45 HH .
1.4 DG E

- 1B A 0 2 BRSOk rp i ik e, rh 3 pH il B 4K IR Ok Sl 2.5:1), pH
3T (PHS-3CY, g R 220 B0y A B2 /) I 5 54 ML (SOM) R HH 7 8% 1 4 25 o 12
TE; R (Olsen-P) MK PERE (CaCL-P)! 23 512R F pH 4 8.50 f% 0.50 mol-L ™' NaHCO, &% 0.01 mol-L™
CaCl, #2 00, 4 [ 30 [ Wi 1k 2% 23 BT X (CleverChem200+, 7% [E] DeChem-Tech Gmbh 4% ) il %Z . Pb 4>
U8 % ] HCI-HNO,-HF-HCIO, 74 it ; #4450 Po(DTPA-PO)! i J — 2 M = B 2 TRz 425 +
v 98 25 P B R0 A SR B PR A BCR 3% 22 32 J s B0 b B, B4 F T W 0O 3% Y (GGX-
800, bt G A PR H]) M AE .
1.5 HIELE

AT 5 T A S 56 K005 34 Excel 2016 #EAT 8 B TT 5., LASF- S5 8 b o 22 O T8 AR o W7 45
Hes PR EJT 2501 (One-way ANONA), Dancan £ i H A i (22 51 /K SF R P<0.05) K AH 56 46 B4 43
Hr (Pearson) K SPSS 22.0 #F A7 Ab B 5 5256 K4l 25 K1 { ] Origin 2017 52 A%
2 #BR512
2.1 AT NS IR IR L M R A 820

13 pH 5 SOM Ef i +rh E 4B ARG ERERNFE . Hd, pH algm 5 & 48 0iE
TR N4 G VR A AU I i 111 1 = LI g A (R T A7 N 1 = U [0 I e o ) S 4
SOM Frar ULIE 1. FIE 1 ATA, SFEACES AT 8 48+ 18 pH, 5 CKAHLL, 4% %0 &t b 24 53
BIEETET pH 0.22, 043, 0.59, 0.72 97, X Al BEJE P b £ AR A & & R ph 3L 5 7, Bufi
TRV B TR S PR A T m Y A KA R AR, X 4 pH A B R RS
JA G KA FRZE Y 135 pH 38 3 i TS AR, AR EBOR, pH GRS s BEIR i A £ 1
J&i T 5 A K W A A K R AR R HPO,, 45 U N R 4 i 4 A 35 pH BRI T 0.54. 0.85. 1.25.
148 AN FRLA, IR H) B 2K,

75 ¢
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Fig. 1 Changes of soil pH and SOM under the treatment of different amendments
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SOM s ZUIR M E 4 )8, S4Ee FAERESGY, HSOMEBARFEH, fEMKBESES
JE A, WiRESEMEFESED, 5 CKA, FRARG MY EERT T SOM & &, GMI10 £
POME R e K, b 14.88 gokg ™', GMI TR fie/N, 0 2.30 grkg s A7 K B Wl 1R 6 A B S5 AS [) 2
HFEART SOM [, 5 CK AL, 43858 KT, X ] 6852 i 140 BORIBE R 5k 1 4% i 2k
BT B S, AR LY AL B, T #E T SOM 43P

BEEMYE R KB ATHWESRITCE, HEBWAEE R, NEBRAAY SN B0 4
FAE H o] Rt A IR K22 5% . Hodh Olsen-P ml EL 3B AE Y WU, 111 CaCl,-P WU 4% I 0 2 4 e g ]
BRI 0 S I 43 0, 1A 2 Sk O [R) 44k 7R Ak BE X £ 3 Olsen-P Al CaCl-P& & (Y520 . Fy K] 2 AT AT,
3 Pl fb A B 3 P T 1 Olsen-P 5 5, b P10 X Olsen-P 2 &5 K, iy 145.78 mg-kg™,
GMI fiz/)h, K 2493 mgkg'c FIEACRE P EEE LA B, REME JE A S A 2L W TG vk, 1
H4 70 Olsen-P 7 & %y K o] {2 {26 45 S AL W0 X B 19 B e, LA X% il Olsen-P & & Olsen-P 7 & 75
BER AR B T 2 Vi E WAL . SO Olsen-P & ¥ M i K. XF CaClL-P i &, BEMRERAL K4 1 -4
1 CaCl-P W& i, 0HYE CK ER SRR R EAKY; FRIESA KRR T 5% CaCl,-
P& E, HGMI, GM2, L1, L2 fiIL10 [M] 2 53N B & .
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Fig. 2 Effects of different amendments treatment on concentrations of Olsen-P and CaCl,-P in soil
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1 Olsen-P & & KT 124.25 mg-kg ' i), T IEBEEE & & LW, B GM10 K BT A5 il i 6 4 381 1) 25 38 il
TIEBE R WA IS, L KA B IR B KR
2.2 FHALFIRINXT I3 Pb LS HIE M

DTPA $2 US4 Ja v 9 Y R A, BE W I B + 8 & Jm X s F v, W
I, AR DTPARICGE B & )8 & i, X PPl R slifh B B RCR 2 0w ZPY, K 47
AL, 3 FREEIE T E AR AN i T 24 B E BRI T 13 DTPA-Pb & i, i Ak sl R i i Ak 7500 4 i 2 11 444
g se, (H GM25 GMS Z M 22 % A W 2 fEr A A, GMIFEARIE B /N, N 6.51%;
P10 B MR R, =ik 80.53% MEiAb R A AR R B, X Pb A9 &l A0 8508 S B 2 56> K >2E A
X5 ARG R —3: ZENG G0V o X L o3 A & S A AT 5 B R AT i AR Pk 22 A R R £k 1
BEAL SRR F ot A L s AR 08 4552 i 5% & IR 1 38 T Ot 1 4 R B B AR RIUR A T A L
Yk

TR (R IE 25 4 ook A A PR B B e 3 R B A B 25 S, BlEARR) A O el o 4 R Y IR AR B
A, PABRMCH X AMRAUE BB EE, Wik, o LIRSS %07 ZRVEN B 4R 75 Y+ HE Bl
wm%mogsﬁKM%mmﬁwr%%% AR . B ST, 5 CK AL, SRR e
MR b BIREAR T H e 55 MR $R IS P & i, BRSO a BUIE L, Fh P1RE IR SR /D 0.64%,
P10 B IR e KK 7.05% A1 KAL BRI E & T L b 55 FR 42 UGS Po & &, LS M3S IR IA 4.51%, X RE
JE T A AL ER G I T A 3 b SR A RTBR R A Y i A ARSI T v 8 pH, 5 pH & iR iE
T3P R ERL B Y R & R S E AL B AR Y, T A 2 R R R M S A B o R B, A5 b R
PIRRAR T b ol 30 JF A Po i, S R UK S 0 2 8% W 3 v A v N R R AN, 45 Ak B R R 3
BN 2.47%. 7.63%. 10.52% F1 17.07%; A1 JARGS I 2 [ e fe RAH L10 B aE v, 4090l ok 8.12%
9.44% . 16.49% F120.83%; WAL S5A KA , RIS &R IEE /N P10 BRI, 4538 n & B iR
SR 1.74% . 4.83% . 17.32% F129.52%. AR LS T LE A LS P & &, FBE. A
K. BETREAE AU N T AR A R 1.17%~5.44% . 4.22%~14.19% . 2.35%~17.89%. %t T 5% &
Pb I 5, FREAC SRR A B AR R B A 3G i 7 H & i, b P1o 38 MR e KR 18.69%, 1 A1 K
b H X 4 e i AS P S B IEAR O

DL EgS R, FIAR S o R h 32 B W K 55 MR B US55 T iR S A Pb B4k v A A A 5 5%

GRS mm A TS O RIS
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Fig. 4 Changes of concentrations of DTPA-Pb under different Fig. 5 Effects of different amendments treatment on

amendments treatment the speciation of Pb
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A Po, DIREAR 3D P 3G PR A AL B RR BE PR AR T AR J5 S P & i, (HU E B ALl 59
MRS ST b3, FREE S EIAT A, BAREECT L3 Po &M, (B AR 1 FR
SE M KA — 56
2.3 TR R RIRIL L IB B R Pb B9S2

P 6 A [l Bl Ak 50 i 28 S i N 45k 9 0k B Pb A i A 1B . B 6 AT, Pb R AE
- 3 R R R A A R, RIVRLRD R RN Bk R Y P S s R, T A0V R R R Y Pb B A
ke Bkt RE AR, HE L0 WM /AR A & s, X Pb AW B BE T 4om ; DAL
4L Pb (YR A A 2, 2R AN A5 OO T Sy sk 2 vl A LS At A ol i R A AR T A B R S
) REL AR 2% 1T A 25 58, T QIAN 25 07 DU SA Ay S ML A s v 25 A ) 4 Ja [R5 B ) B i ML 4 ol
W, 3 R 109% 750 b PR FRAR T 4k 20 B0k T P &, 31X AT BE S P R Bl 500 8 e A
K, FEEACTIAEA R R0 b R & 4R, AL AR 5 Po & S &A%, 1F 1M fiff 25 b 4 5k rh
Pb & EFEMC. 1%, 2%. 5% “FJEACE NG A (R 82 B 42 = T AL EbR . Aivbki . Bykirh Pb &, K
H GM2 &b B RD R AR P B8N i K, 4351k 583.30 mg-kg ' A1 317.00 mg-kg™, GMS X 4
ThokirR Pb SRR K, M 19029 mgkg s GMI1. GM2 Fl GMS5 &K T &vkirh Po & &, PRI
53 AR 52,56, 132.29 F11160.85 mg-kg 'o X Al g M T F BEIE W ¢ = 7 L€ SOM &=, {H SOM
TEA ROk TP IS A B 22 5%, R B IEERROR, MPRIIRZ, BRI 220N, T AN [ T G
VIR RE DA BT 22 5, — Ok UL, IR PEMGER, XS YL W B RE kG . 5 CK ML, 1%,
2% . 5% A KA e BB TR R Pb S, 43 R 2216, 522.09F1 138.64 mg-kg !, ]
B3 T Z kL Po & &, GRS AN E e, LS A BEBS ik 20832 mgkg s A K 1%
2% 5% WS IR H AL T 40U R AU R P B i X 0T B th T A IS NG N T 4 HERSORL 2 1 £
HiLfef, Jf2E B T CaCO, Fll Ca(OH), B 45 ¥ JF 51 i, o L R ALK, R 09 6 g B0 B i,
UL, IR T %F Po™ (W B, AR RS Z5 W B 5 PP HEA T3S e W B, DAL Pb [ g i
T CK, B AR $h 38 K T LA R 5 40 b i x5 P A & 45, i xR ks Aok b Pb & B 52 i G A (2
U

BEALFIR I AL 2352 1) Pb 76 25 BL R A P43 L, 3 7T 8 028 45 R G Uk Pb I TE 85 4
i, BTS20 1 Po A Rt . I8 7 AT, CK AL B R 4R 2 UKL th P JE A8 4 A OO0 B B 25
5, FBAMIE Po iE A £ HEJE 7E ARG BURL R 43 A 0 B R X0 Y 2 I R D R v 45 S
Pb JUT ol LGB i e K5 1T A O R Ph TS 7 LR i B R s W PR h AL B R 45 R UKL T Pb T

2 800 - CK 2 800 - CK 2 800 - CK
—-— 1% —-— 1% —— 1%
2400 2% 2400 2% 2400 2%
o~ —A—59, o~ —A— 59, =
2 -~ 10% 2 -~ 10% ey
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) g )
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Gk A RS AR 17 A Y A FER AR RS A v A =Y 1A LS K A% A 10 AR <27 1A
N[l r g - SEURL ANRIRL LR - 30k, ANTRIRL LR - HE 0L
(a) FREAEALHE (b) A Kab3e (c) WAL 2L

6 TRIMUFLETERRTIRMKLPD S8

Fig. 6 Concentrations of total Pb in different soil particle-size fractions under the treatment of three amendments
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Fig. 7 Effects of different amendments on the speciation of Pb in different soil particle-size fractions

B hEmEE S RTEEE S KN R, XlRER i T 5 E e ig L 5 A e 4 5 AR
WECHR I, HADE Po? 4 7 1 5 0k % 1 T S
24 TIESERBTAIE P RESESEHEXOWN

N T RS AR EORL Po A S BRI BEAEAE I E R, X RS AR RBUR PO IR A
I 1] i Pearson AHSCHEFE M, Hoh 5 RIS N 55 IR AR BUS S5 TR RS Z M, sER S Al A
Skl Z MW, & 1A, 43 DTPA-Pb & & 5S40V kL . Brki FI AR 5 I 245 Pb & R 2
BETEMERR, HXRBUEHT M BR>AN v R>Hk, X 1 B 9 P A A 208 Ph & i mT fig>
VR F ik 3355yt By RIS P, + 55 MR R BUS A 5 o M AE W B 1, 4R G0UB0RE Hh 55 1R $2 BUS
a5 HAE B EMEE R, W RS REIS S SRR RIS P A EEVIN LR,
ARWFSE L S FR SR I Po & K, 76 14 DTPA-Pb v 5 LA/, 5k A 7E 1 8 v 1 PR A
ik, + 3% DTPA-Pb & it £ B Z i iR A 5l &2 Po &™), +HEn 052 Pb & R 5410
K7 AN B R T AR RS AR B IR ARG, SRR AR R A T RS SRR R T B 7
M, 2 M Bl Ak 39) 35 200 1 Am vk . R AN B rb 1 AT R JEAS P B4 4k R ks A R b 4 ]
LA Po, RFEIR L Pb A1
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x1 TEEINEFKG P HESSEENEXRE (0=13)

Table 1 Correlation coefficients between Pb speciation concentrations in soil and in soil particle-size fractions(n=13)

i POIES DTPA-Pb LENPE I ES CIBZY 873 AT B
TR 0.564* 0.890%** 0.263 —-0.473 —0.581*
AR AR 0.525 0.935%* 0.234 —0.368 —-0.498
CIE=R1 47 -0.061 -0.369 0.238 0.013 0.354
LRk
SEikiy A
TR 0.065 -0.305 0.475 —0.137 0.460
SRR 0.537 0.935%* 0.241 -0.390 -0.517
XEF FAS 0.017 -0.391 0.447 —0.090 0.492
BRI 0.642%* 0.876** 0318 -0.500 -0.438
A A 0.842%* 0.702%* 0.727%* —0.751%* —-0.148
p— CIE =R 77N —-0.524 -0.241 -0.206 0.309 —0.147
ANYHRL
HRIES —-0.182 —-0.575* 0.312 0.035 0.425
G RIS 0.828%* 0.751%* 0.673* —0.725%* -0.203
MEFIFH A -0.360 -0.500 0.120 0.115 0.223
SRR IS 0.723%* 0.790%* 0.428 —-0.631* -0.335
IR 0.766%* 0.222 0.765%* —0.700%* 0.316
Wi RS —0.581* -0.470 ~0.590* 0.485 -0.118
AR
FRIE -0.250 —0.649* 0.240 0.099 0.454
Sy RIS 0.817%* 0.378 0.745%* —0.740%* 0.84
XEF A —-0.427 —0.774%* 0.041 0.251 0.398
PR RIS 0.720%* 0.765%* 0.317 —0.434 -0.216
CIR%Y/87S 0.882%* 0.354 0.692%* —0.495 0.309
- EE=ties ~0.671* 0.171 ~0.606* 0.504 —0.738%*
TR
FRIEAS —0.701%* -0.396 -0.435 0.429 -0.047
SRR 0.8827%* 0.522 0.604* -0.506 0.143
XEF FAZS —0.826%* -0.172 —-0.614* 0.555% —-0.426

e *HP<0.05, WE; **AHP<0.01, W&,

3 4%Hig

1) 3 i £ 350 76 A [R5 0 i 34 68t 2 B (IR AR U Pb 15 4 -1 v DTPA-Pb & f, 76T A7 b 3
1, GM1 X DTPA-Pb 7 i [EAR IR B e /N, H 6.51%, P10 FEMRI K, &k 80.53%, 3 Fhélifik 764
[F]S Jn F XE AR Po A AT O S BER b > IK>2E RAE o B30 Wow = AT gk e 46 38 i K
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Abstract In order to compare the differences of immobilization effects of goat manure, lime and phosphate,
and the characteristic of exogenous Pb distributions in soil particle-size fractions after remediation, exogenous
Pb-contaminated soil incubation experiments were conducted. The results showed that three types of
amendments could significantly reduce the DTPA-Pb contents in soil, and the immobilization effect was
proportional to the dosages of amendments. Among three amendments, phosphate has the best immobilization
performance on exogenous Pb, and the contents of DTPA-Pb in P10 treated soil decreased by 80.53%; while the
immobilization effect of goat manure was the worst, and the DTPA-Pb contents in GM1 treated soil decreased
by 6.51%. Goat manure and phosphate could convert the weak acid extractable fraction and reducible fraction of
Pb into the oxidizable and residual fractions so as to reduce the soil available Pb, while lime could convert the
reducible fraction into oxidizable fraction. The Olsen-P content of soil increased with the addition of these three
amendments. The soil phosphorus leaching critical value model showed that when the Olsen-P contents were
over 124.25 mg-kg™', phosphorus leaching into the groundwater occurred. There was a large difference of Pb
contents in coarse sand, fine sand, silt and clay, yet there was no significant difference regarding Pb speciation
distribution. The addition of amendments affected the enrichment and speciation distribution of exogenous Pb in
each soil particle-size fractions. The correlation analysis showed that toxicity of soil Pb was reduced by
amendments mainly through converting the reducible fraction of Pb in the fine sand, the silt and the clay into the
oxidizable fraction in the silt and the clay. This work provides theoretical support for the efficient use of three
amendments on Pb contaminated soil and the potential ecological risk control afterwards.

Keywords soil immobilization remediation; exogenous lead; bioavailability; speciation distribution;
particle-size distribution
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