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heavy metals, with Pb pollution becoming one of the most severe issues worldwide. It is crucial and beneficial to
derive soil environmental criteria for environmental risk assessment and contaminated land management of Pb pol-
lution in soil. In this work, the terrestrial toxicity thresholds including 10% effect concentration (EC,,) or no ob-
served effect concentration (NOEC) of Pb were collected from the ecotoxicological database and the published lit-
erature. The modeling analysis were performed using species sensitivity distribution (SSD) method according to soil
pH. The soil environmental criteria for Pb were derived based on the protection levels of the different land use
types. The results showed that soil quality criteria for Pb were 51.1 ~ 153 mg-kg™', 172 ~342 mg-kg™', 342 ~ 537
mg-kg™' and 440 ~634 mg-kg™' for natural reserve/agricultural land, park, residential land and industry/commer-
cial land, respectively. This study provides the scientific basis for developing the ecological risk assessment frame-

work and soil environmental standards for Pb in China.

Keywords: lead; species sensitivity distribution; soil environmental criteria
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Table 1 The toxicity thresholds of Pb to soil plants and physio-chemical properties of the tested soils
B FHERLE LR
Az . .
Hoological rocoptors Soil parameters Toxic data
oH AL/ % HPRL/ Y% ES3i] 25 i/ (mg-kg™)
Organic carbon/% Clay/% Type Endpoints Data/(mg-kg™")
4E3% Allium tuberosum 8.10 231 390 NOEC i Root-elongation 8001221
WA Allium cepa 597 456 36.6 EC,, A Root-elongation 813131
Z-Hi Plantago lanceolata 720 400 5.00 NOEC A4 & Biomass 1 05082
K& Glycine max 8.10 231 390 NOEC A Root-elongation 50024
=WM-H Trifolium repens 720 400 5.00 NOEC ¥ Biomass 1050221
K# Hordeum vulgare 6.81 246 389 EC,, K Root-elongation 378020
K Hordeum vulgare 7.12 099 273 ECy, A Root-elongation 2702
KF Hordeum vulgare 8.83 0.62 275 EC,, M Root-elongation 424
K Hordeum vulgare 8.86 157 16.3 EC,, K Root-elongation 43321
K# Hordeum vulgare 8.90 0.69 176 EC,, K Root-elongation 516
KZ Hordeum vulgare 8.86 1.02 19.6 ECyy A Root-elongation 603!
K# Hordeum vulgare 493 1.51 66.1 ECy, K Root-elongation 12525
K Hordeum vulgare 6.71 142 412 ECyy i Root-elongation 29512%
K Hordeum vulgare 8.84 0.60 10.1 ECy A Root-elongation 341121
K Hordeum vulgare 495 143 56.2 EC,, K Root-elongation 1211
WoER Lolium perenne 720 400 5.00 NOEC A4 & Biomass 1 05082
M Lolium perenne 5.00 029 152 EC,, A4 Biomass 7450122
T K Zea mays 8.10 231 3.90 NOEC M Root-elongation 300241
#eA Avena sativa 5.60 1.60 120 NOEC A: ¥4 Biomass 8002
M Avena sativa 540 2.00 400 NOEC A= ¥y Biomass 8007
e Avena sativa 520 3.00 58.0 NOEC ¥y Biomass 80022
M Avena sativa 5.00 3.00 4.00 NOEC A=) it Biomass 8002
M Avena sativa 540 7.00 5.00 NOEC A )it Biomass 8002
INFE Triticum aestivum 8.10 231 3.90 NOEC A Root-elongation 130024
/NF Triticum aestivum 6.50 1.55 32.1 ECy K%L Seed 1561201
#JK Cucumis sativus 8.10 231 3.90 NOEC A Root-elongation 800124
#)K Cucumis sativus 597 456 36.6 ECyy M Root-elongation 218123
B Lactuca sativa 8.10 231 3.90 NOEC A Root-elongation 10024
B4 Lactuca sativa 5.70 4389 220 ECyy 7o Yield 2 55307
PSE Lactuca sativa 620 0.54 0.30 ECy, P Yield 10727
B4 Lactuca sativa 6.80 1.66 120 EC, FeAE Yield 96007
B Lactuca sativa 550 9.78 290 ECy 7o Yield 122887
BSE Lactuca sativa 8.50 0.95 4.10 ECyy FoH Yield 65917
T Lycopersicum escuentum 597 456 36.6 EC,, A Root-elongation 54583
i Solanum lycopersicum 8.10 231 3.90 NOEC A4 # Biomass 30022
3% Brassica oleracea 597 456 36.6 ECy i Root-elongation 512131
% N Raphanus sativa 540 3.00 18.0 NOEC A4 & Biomass 10022
% N Raphanus sativa 597 456 36.6 EC,, A Root-elongation 5861231
¥ N Raphanus sativa 6.90 1.00 20.0 ECy A Root-elongation 48301
3% Brassica pekinensis 8.10 231 3.90 NOEC MK Root-elongation 300124
/N3 Brassica campestris 597 456 36.6 ECy, H i Root-elongation 7371231

¥ :NOEC FE/R TE AN IR EC g 2 10% UM IREE

Note: NOEC and EC,, refer to no observed effect concentration and 10% effect concentration, respectively.
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The species sensitivity distribution (SSD) curves for Pb according to different soil pH

Note: burrlll, gamma, llog, Inorm and weibull refer to Burr Type I, Gamma, Log-Logistic, Log-Normal and Weibull models, respectively.

xR2

TEZHME Pb FIEEE AR M T R
Table 2 The toxicity thresholds of Pb to soil invertebrates and physio-chemical properties of the tested soils

TS BT AEVERUN
HRZK Soil parameters Toxic data
Ecological receptors ol EHLE /% KR /% B3] 2= Hdi/(mg-kg™)
Organic carbon/% Clay/% Type Endpoint Data/(mg-kg™")
Bk Folsomia candida 5.00 100 200 ECyo %5 Reproduction 1 17088
Wk Ht Folsomia candida 6.50 276 12.0 EC,, 5 Reproduction 6421281
W42 Achatina fulica 8.10 231 390 NOEC A=) Biomass 12002
W2 Sinella curviseta 8.10 231 390 NOEC %48 Reproduction 1029124
2% MU Caenorhabditis elegans 620 379 39.0 EC,, PFH Reproduction 240121
2 . Caenorhabditis elegans 620 293 16.0 ECyy 5} Reproduction 15580
2l Caenorhabditis elegans 5.10 517 16.0 ECy ZFH Reproduction 1300
2kl Caenorhabditis elegans 6.10 5.86 6.10 ECy, 5 Reproduction 288 0!
Y5 Dendrobaena rubida 6.50 10.0 5.00 NOEC 25} Reproduction 5601221
W45l Dendrobaena rubida 550 10.0 5.00 NOEC 2%} Reproduction 564022
Wl Dendrobaena rubida 450 10.0 5.00 NOEC 5 Reproduction 130122
el Eisenia fetida 822 235 251 NOEC ZFl Reproduction 1 50081
Wil Eisenia fetida 8.10 231 3.90 NOEC %4 Reproduction 122522
Wl Eisenia fetida 6.50 6.90 16.0 NOEC 5 Reproduction 632121
WS Lumbricus rubellus 730 3.00 17.0 NOEC )it Biomass 20022
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Table 3 The toxicity thresholds of Pb to soil ecological processes and

physico-chemical properties of the tested soils

T aEPERUR
st i Soil parameters Toxic data
Ecological process " BHLB% R % Al W 7 B ] /d Bt /(mg-kg™")
Organic carbon/% Clay/% Type Duration/d Data/(mg-kg™")
ZALVEH Ammonification 650 2.00 5.00 NOEC 14 1 00052
W /EFH Respiration 6.80 1.50 5.00 NOEC 6 1 00053
AW 1k N-mineralization 5.80 4.00 230 NOEC 30 51722
AWk N-mineralization 780 6.00 300 NOEC 21 345841
Z W1k N-mineralization 740 9.00 340 NOEC 21 1 03584
Z W1k N-mineralization 6.60 5.00 450 NOEC 30 51784
HALH {1372 Glucose 5.00 2.00 9.00 NOEC 16 1 00053
AL Nitrification 5.80 4.00 23.0 NOEC 10 345861
fifLVEH Nitrification 7.80 6.00 300 NOEC 10 1 03567
AL Nitrification 740 9.00 340 NOEC 10 1 03587
fififkAEH Nitrification 6.50 2.00 5.00 NOEC 10 1 000P2!
F4 SSD EHEKBEMERT
Table 4 Goodness-of-fit of SSD models
pH SSD IH R AD KS AIC BIC delta
SSD models
llog 125 027 213 213 3.11
gamma 123 027 210 210 0.19
pH<55 Inorm 135 028 211 211 123
burr 1T 133 028 215 215 5.84
Weibull 127 028 210 210 0
llog 044 0.18 296 298 036
gamma 042 0.14 297 299 122
55<pH<65 Inorm 045 0.19 296 297 0
burr Il 0.77 024 302 304 595
Weibull 053 0.14 299 300 264
llog 1.02 027 201 201 443
gamma 1.09 031 198 198 134
65<pH<75 Inorm 1.11 029 202 202 494
burr Il / / / / /
Weibull 122 031 197 197 0
llog 036 0.12 299 300 1.84
gamma 035 0.12 297 298 0.05
pH>7.5 Inorm 037 0.12 298 300 146
burr 1T 038 0.12 301 303 438
Weibull 039 0.12 297 298 0

4 : AD 7% Anderson-Darling #:45 ,KS # /K Kolmogorov Smirnov & 5 , AIC /R ZRitsfr B vfEN] , BIC s UL i 5 B E N, delta 7RI IE 1Y
FF BHEN(AICO) S L,
Note: AD, KS, AIC, BIC and delta refer to Anderson-Darling statistic, Kolmogorov Smirnov statistic, Akaike Information Criterion, Bayesian Information

Criterion and indicator of Akaike’ s Information Criterion corrected for sample size (AICC).
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3 iFif( Discussion)
3.1 R EZE A A/ Ar i LA

T XS i T i AR AP KT St SR s
MR 2E S, B NANE A B 1 Pb A S IR E(E
TEAER K 22555 6), US EPA SR EU L[ 44 (8 12 4
FHAEEY MR | A 22 R [ A SR R R
SSD A 4E T 1A S FMEE ) ISR FHHEY
IIAIELEE 8 T R IR R 2T 2 Fh 2 R
WA WU B A S i e MEVE M iZ A+
HF A - 49 o i g R (E T Bk, o E KA
IR M - S 1 B8 - LB/ AR TF 45 T R ik
15 Y WA R B TR R, A — 2 [ AN %
FEMEECE A TR I, L Pl R At - g A i
SR T 31 N IS - s Y i ELE R
o R e, PRI, 25 1) 8 4 25 0 R A 1 o e T
SO AR R A AR

FHLE T ESMEXT B B 5 BT iR R R E
35 G A A XU DA 5 AR AR MERE 9T H TR AR
AbFEAEBY B, K AP R L 95% YRR R4 K 7
gha B S AW 5L, 15 8] Po AR S S MEMEE
FEl 4 80.5 ~ 106 mg kg™, ZWFFT 4515 AR5
6] S5 354 1 AR S (AR AL, SR T 9E 0ok
2 8 - AR X R R (S e, R IR R
LGP AT DU TR A P B S A A R
W4 Pb (RS IMEEER A 317 ~ 158 mg-kg ™', Al
AT A L R AT LS AT PR SF, X T RE S5 1%
WG T DR E A A 2 R B , Bz o X 3
Pb SR BEARXT BANAT OC, eAh, LR E A58
VA B XN ) FH i 7 =X e P RR PR K-

3.2 HIEASENENE S AN E T
BEPEBCE Bk S o B oA R
PUEHE BE DA SN R ORAP KT (R 2 55 22 = R AT g
18 B SSD AR AN 2 Ve, 5 o) e 24 S (0 15
Yy e S E OB 2E T S HER S AREFSE AR )
Tt P SUENE 22 5 N SR (2 Y FhRE P 5 , 76 3
HEHE o R 25 5 2% 18 3 FRALPE o A= A bk
P B A= s R 7 2R 4 B S 22 5 Ak AS TRl £
PR T B ASFEE S T 1 Pb 4584 I
BIXT T8 Po # PR B M B0 o i R) L, A O
TR [ PN A0 A1 4 5 RO P | R PR 32 I SC AR B R
PEREPER | H B S g0 e [ N AR UE T K
BEPEAR AR 5 A2 AN SZ IR BE A 5 BE AR OC, B A% Pb Bk
BAE A R X AR AR B S E SR A
A A R PR SR A 56 1) 5 R pHL, X0 BE 1Y
BEPEEAE AT 3 AR B 5 A1 AS [R] - MR O =, A
R LRE 5 s LA R S5 Ui hE A A 32 AR Fn s B
TS HilE Z RO AR R | @A RIKF
1) Pb AL S EMER R, Feollde h, IEAESRPK
2l E R EOR Y 1, SRR T AR S R A 4
IS ARG . AR AR SR K- i 2
ZZ FENINCA LI AR K, 5 EAES
AT AT 2018 AR EN A (A 254 4 - IR PR A
HE E BORTE R (F K 5 WL AR) ) 55 3 3 [ % B 88 14
AR UE R IR AE BRI [2018]33 ) A B R G AR P
KF—F, [N, BN NTE A DL A I
FEMEDT BT Y b B2 v AT SR B AL AR 4P KT e I
TAE A RA 0N BT 3 1 O 3 K P 2R 47 78 4 B B

FIIE,

®5 TRIHAAAFXTHLIE P EFEEE
Table 5 Soil environmental criteria for Pb according to different land use

(mg-kg™)
TR X
Land uses pH<55 55<pH<65 65<pH<75 pH>7.5

SR AR b /AR b HC; 51.1 128 133 153
Natural reserve/Agricultural land (Confidence limit) (163 ~170) (72.0 ~230) (52.1 ~324) (83.8 ~302)

s el T3, HC,, 172 253 315 342
Parkland (Confidence limit) (80.6 ~364) (178 ~369) (174 ~550) (221 ~527)

fEE R HC,, 342 392 512 537
Residential land (Confidence limit) (185 ~575) (278 ~537) (329 ~768) (384 ~719)

T/ b FH Hb HCs, 440 473 612 634
Commercial/industrial land (Confidence limit) (256 ~695) (339 ~657) (403 ~871) (465 ~828)

E :HC5 \HC,y \HC, Ml HCyy 7R 5% 20% 40% F1 50% W10 32 16 e Ji
Note: HCs, HC,,, HC,, and HCj refer to hazardous concentration of 5%, 20%, 40% and 50%, respectively.
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FRE A - Wy b AR 3 ) B R AR X 45
A ARBITFERE Y Pb R PRI s AR [ S B
PR, A K AR Xk = AT REE 18R P K S
SRR EE, B EAURME A Pb T EEL
i e B N A PR A2 KU A P v L KA 8K
Pl - HE Po TS R RIS, L, 74 )R B BF5E T
VErb 25 5 3 e A 25 R SRR PR A B A
SR R 25 R DX IR A SR A 2 R T Rk
TR R o S SRR AN FE S A

AR R SR R R RO A At H R
HERTFE P i = X6 15 Qe W) LR WA S PE R R0, o8 S RE
PR B o ) S ZR AT ST AR XA
A RFER I  SEHEE BT 5T AT 7 18 4 S H AL S %
TEERE A | SO B R F A Rk R A
— AT AT A T ] A U5 — A TR A R A
PEMRIRAFAEBRE . DR, 7 6 AR - S B 10
FEPERE A — R g BB X e [ DX BRI A 4
HERERMER R T Ol

F6 FERMMXATIEP EXEABESHESHEILR
Table 6 Comparison of soil environmental criteria of Pb of different countries and regions

P HAZ A 3R I A (mg kg ™) i 051k
Country Ecological receptor Land uses Criteria or standard/(mg-kg']) Methods
=L
/ 120
Plant
/ 1 700
Eqs| Invertebrate JUfr 3494
USA 59,2 Geometric mean
/ 11
Bird
LiERsIkY]
/ 56
Mammal
H SRR IX
/ 110/470
Areas of ecological significance
TRRA R JeE A FH 2 [l
/ 270/1 100 SSD
Australia Urban residential/public open space
L/ Toll JH
/ 440/1 800
Commercial/industrial land
i =% 530(TFTifH)
/ / ) SSD
the Netherlands 530 (Intervention value)
Yl SSD/ITHili P -1
/ / 1679
UK SSD/Assessment impact
Al b
/ 70
Agricultural land
, JeE A FH 2 [l 140
JIEwN Residential/parkland HeJF A1 vk
Canada , [ERAzzE 260 Ranked distribution
Commercial land
Tl
/ 600
Industrial land
31.7 ~158
/ / (A2  HC +35 5LEP) SSD
(Baoding, HC; +background concentration)
i 80.5 ~ 106
China
/ / (HC;+H 5H{HP) SSD
(HC; +background concentration)
/ / 44.8 ~ 189(HC, ) SSD
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3.3 WFREE

ARSI A E 48 Pb 19 R s
J2E | R FH W A B0 4 A AR RS (Burr Type 1 Log-
Normal , Log-Logistic , Gamma F1 Weibull) 8l & 5%
Bl A A R 7 20T 3% P By AR AR
HEAE, BARSS R - ()RS RGH % Pb 231 e
66 A~ , Ho A + 3 MR 22 A, [ A0 HE M R 44
A AL 18 PPl A=A P8l |8 Fb LS M EE i 5
Fib 3k 2t BB ; 2)Burr Type X5 R PE  h
PR - 98 B RO U ROR AR E FORS B
Log-Normal #8555 A& F Tl 1 3 G)#E T A [A]
pH Y[l AN [F] A 15 3C0AY 1 5 Po AR 252 ik
HE, 510 51.1 ~ 153 mg-keg™ (A SR 3 Hu/400k
H) 172 ~ 342 mg- kg™ (2 [ ) 342 ~ 537 mg -
kg™ (fEE i) 440 ~634 mg-ke ™' (T/Rl L),

R AR R AT s e A U
i 16 ) Hi S A P TR T A E A BT SR UE Y
il A B VR Y OB, A SCLAE 42 )& Pb S fl,
X 24 R PR ] A 398 A 2 2 4 J e A AR 2SO e (A
R P OCHE ) AT ER DT, JF 4 0 DU LA . (1)
A AT A ) B R A AR E MR AE L
P AR 3 A [6) 26 B A 3 b g PR s 1Y
FERIIESR | S ST 3 [ o b A 2 2R 490 7 U s A 2
FE LA 5 (2) i 18 A TR SRR AR 1 A SRR PR A
MEZRAARZR | fE ST - 438 ¥ e IXURS: PPl 25 4 5 O 2 A
B VPN R RFE R, Mk 55 T 3k 1 AR 25 U DAL Y
SR L MERIT 7% A 38 A 20 0 18 A o 5 (3) I
FEXPANTE] R 5 =X, 256 7% i R g AR AR IR 55 2
e CERZIRAE T AR 25, e Z R Kr
R A FIKE AR SRR R | il mEA
BEX M R b AR AR R, S SR AN A AR
TIEAEE IR R ; (4K EH UL | A2
FE ARG S e AN R 2 b AR s 5 A
YA bk 22 S 0A B , FE b R S 78 5 TR T
15 A SO R i A S U — MRS
DU RS VAN b v 19 A A2 4 B, B Al TS e
YA A B SR MEAE 3 B AT FUXURS DEAG
ITEH

B EEEN . ZBRA1978—), B, AR, T 2R
G R R
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