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O ZOUER 17 M RARERERN T E I, TP T LIEEALBRIKBL A 0.01 mol/L CaCly 237 Cu X PhElAiliZk
Kidd, 45 1A T ALK Cu 4 PELF LY R 10% MR PEBE (EC10) F1 50%31H) i 25 B 18
(EC50), £ 17 N AEMVE R AR 38 [l 23 514 0.06~1.47 F1 0.17~3.42 mg/L, Wk H A8 L8 [l 2354 0.05~
2.24 F10.13~4.37 mg/L, f ANMHSEAMEMZ N 23~41 f%; 0.01 mol/L CaCl, $2I A Cu ¥ EC10 1 EC50, 7E3F
WRUE LAY 2 B 0.18~2.64 Fl 0.57~6.14 mg/kg, WL HIEASALIE S50 0.18~1.28 Al 0.61~
7.11 mg/kg, FHZEM 6.9~14.4 £, FH IR TE MK Cu X PL0AG SRk . [N, &I 3EFLRR
K Ca?' WERMEA BB LB K Cu SR A K MR B N 1 24— 25 % R - S L A
AR PR . T pH (. SR, 2RSa. Ca®'. Mg?. K'. Na"), RIEET /KB Cu MBI
1 RV W R 22 TC IR A R B AL SE L 0.75~0.99, 1 B A - S8 s 5 e A I T - S b K B E Cu xof
PHLLMI R R . i%WF 9T AT 3K Cu AR DA Sl 2%,
KRR B3, 48, A, FFRE, HokF
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iR7): CuCl-2H,0. CaCly2H,0+ Ca(NOs),4H,0.
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Table 1 Properties of pore water samples in soils without Cu addition and leaching.
s Tk e o e A Ca/ K/ Mg/ Na/ S/
Location No. Longitude, pH i EC/ ; HHLEE L (gl  (mgL) (mgL) (mgl") (mgL")
latitude (mS-cm™) DOC/(mg'L™)
JE3¢ Beijing 1 39°55'N, 116°8'E 7.53 1.03 623 219 314 38.3 6.15 47.1
Gi/N Chongqing 2 30°26'N, 106°26'E 7.73 0.532 207 134 2.44 11.4 134 52.6
Hif Gansu 3 38°56'N, 100°27'E 8.4 2.087 243 132 8.9 42.7 54.2 28.7
I~ Guangzhou 4 23°10'N, 113°18'E 7.76 1.196 259 1359 31.5 16.1 47.1 187
##48 Hailun 5 47°28'N, 126°57TE 6.97 0.847 308 168 3.14 41.4 20.1 58.7
¥ Hainan 6 19°55'N, 111°29'E 4.94 1.063 153 50.4 50.8 16.8 18.8 3.45
#1JH Hangzhou 7 30°26'N, 120°25'E 6.86 2.13 286 438 342 78.3 135 237
i # Hunan 8 26°45'N, 111°52'E 4.9 1.084 152 206 12 26.1 26.8 63.4
5%2% Jiaxing 9 30°77'N, 120°76'E 7.21 2.137 117 353 7.2 81.5 154 119
i #K Jilin 10 42°40'N, 124°88'E 8 1.271 158 239 5.79 22.1 12 51.6
Ji§Yj Langfang 11 39°31'N, 116°44'E 8.16 0.854 153 155 22.5 22.1 23.3 422
M %21 Neimenggu 12 46°03'N,22°03'E 7.59 11.36 337 354 16.4 483 2128 721
11175 Shandong 13 37°20'N, 116°29'E 8.18 2.31 138 248 1.6 95.1 248 123
[ 74 Shanxi 14 34°19'N, 108°0'E 8.2 1.139 53 236 11.8 18.9 19.3 50.7
HKIE Shijiazhuang 15 38°03'N, 114°26'E 7.96 2.835 207 730 8.11 104 69 424
Hrif Xinjiang 16 43°95'N, 87°46'E 8.29 3.303 294 444 51.5 90.3 605 446
KM Zhengzhou 17 34°47'N, 112°40'E 8.31 1.121 166 169 4 38.6 65.4 81.8

(37N K7/ PRTEAR T B | 2 N & /AR K72
s SERT—% (Lycopersicon esculentum) .

IIBTANAS : HLIRRE 5 A5 B TR - SR R OGS
(ICP-AES); HLIBGHE & 45 1 1 1K-Jitils (ICP-MS)
;s DOC R SEAH A Formacs 4xifrill{% (Skalar
Ltd., Breda, the Netherland) & ; HS%E (K
{X#%, Thermo Fisher Scientific Inc., MA, USA),
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<5 (WL3E, BT R AR I E 2 A 0.
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7 (3, T vd IR S I = 4 3k 04 25,
50. 100, 200. 400. 800. 1600 mg; pH {E>7 ¥
T8, BT R AR I 04 37.5.
75, 150, 300. 600. 1200. 2400 mg. FTf +Ff
TREFEON M FK R SR 2 d, KT, I 2 mm Jé
e (AR EREER 3 70,
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20 45 min FEECEEFLBUK, WG, NS
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Measured Cu concentration in pore water/(mg-L™") Measured Cu concentration in pore water/(mg-L™") Measured Cu concentration in pore water/(mg-L™")
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FLBEUK K Culf)ik i FLBRAK K IECulkik i FLBRIK sk IECulfik i
Measured Cu concentration in pore water/(mg-L™") Measured Cu concentration in pore water/(mg-L™") Measured Cu concentration in pore water/(mg-L")
d. 14, 15, 16, 175 13 e. 5. 10, 114513 1245 L
VE: AAERAEMVER I, B AARMIEN T1E, T3S R 1. Note: A and B represented unleached and leached soils, respectively, number of soils see table 1.

B 1 UK F Cu it @ Loasi A K 6 A & 200 i 2
Fig.1 Dose - response curves for Cu concentrations in soil pore water samples for tomato shoot
R2 17 MEEKEMN Cu MELHE KNS ERE
Table 2 Toxicity thresholds measured by tomato shoot for Cu in soil pore water and
0.01 mol/LCaCl, extraction for 17 Chinese soils.

FLBRIKH Cu FLER/KH Cu CaCl, #2H4 Cu CaCl #2174 Cu
s Pore water-Cu /(mg-L'l) Pore water-Cu/(mg-L™") CaCly-extractable Cu/(mg~kg'l) CaCly-extractable Cu/(mg~kg'l)
location JE#YE Unleaching Wk Leaching JE#kPE Unleaching YL Leaching
EC10 EC50 EC10 EC50 EC10 EC50 EC10 EC50
B[ 0.55 2.09 1.5°¢ 39° 0.66 29 0.91 4.71
Beijing (0.23~1.36)" (142~3.06)  (0.88~2.12)  (1.38~6.42)  (0.26~1.69) (1.91~4.41) (0.18~4.51)  (1.61~13.74)
HR 0.20 2.93 0.24 0.58 0.63¢ 1.15¢ 0.3 12
Chongging  (0.00~15.37) 0.15~5837)  (0.13~045)  (043~0.78)  (0.41~0.85) 0.59~1.71)  (0.01~16.91)  (0.50~2.88)
ENi 0.29 0.67 0.29 0.68 0.46 1.08 0.44 1.02
Gansu 0.17~0.49) (0.51~0.89)  (0.12~0.72)  (0.46~1.02)  (0.13~1.61) (0.69~1.68) (0.10~1.84)  (0.64~1.60)
I 1.47 342 0.65 1.78 2.64 6.14 0.71 3.75
Guangzhou  (0.00~573.80)  (0.14~85.96)  (0.25~1.71)  (1.14~2.78) (0.02~303.52) (0.46~81.87)  (0.09~5.68)  (1.44~9.76)
e 0.10 0.55 0.28 0.88 0.19 0.92 0.67 1.55
Hailun (0.05~0.20) (0.38~0.79)  (0.02~5.31)  (0.34~2.29)  (0.12~0.31) 0.73~1.16) (0.16~2.76)  (0.94~2.56)
bigea) 0.11 1.25 0.15 1.63 0.64 496 0.94 7.11
(Hainan) 0.02~0.57) (0.56~2.79)  (0.04~0.60)  (0.96~2.77)  (0.33~1.21) (3.60~6.83) (033~2.63)  (4.82~10.49)
B 0.29 1.53 0.42 1.4 0.36 2.08 0.49 22
Hangzhou (0.14~0.61) (1.13~2.06)  (0.12~1.53)  (0.61~3.25)  (0.15~0.87) (1.48-2.93) (0.09~2.74)  (0.75~6.42)
i) 0.20 0.73 0.2 3.27 0.81 2.58 0.56 5.63
Hunan (0.07~0.64) (0.44~123)  (0.00~11.96) (0.29~36.52)  (0.32~2.05) (1.67~3.99) (0.04~837)  (1.04~30.61)
X 0.07 0.38 0.23 0.71 0.18 0.96 0.42 15
Jiaxing (0.02~0.29) (022~0.66)  (0.06~0.96)  (0.29~1.76)  (0.05~0.69) (0.60~1.51) 0.11~1.57)  (0.50~4.48)
HHR 0.13 0.39 0.09 0.57 0.29 0.99 0.18 1.38
Jilin (0.06~0.27) (024~0.62)  (0.04~0.23)  (0.38~0.86)  (0.16~0.50) (0.78~1.26) (0.05~0.65)  (0.90~2.12)
JiRYi 0.78 1.82 0.69 1.6 0.68 1.57 0.80° 1.29°
Langfang (0.27~2.26) (126~2.63)  (038~1.23)  (1.25~2.04)  (0.36~1.25) (1.21~2.03) (0.66~0.95)  (1.14~1.44)
S 0.82 2.06 2.24%¢ 437%¢ 0.35 1.51 1.28%¢ 64°
Neimenggu (0.41~1.65) (1.66~2.56)  (1.67~2.81)  (3.15~5.58)  (0.15~0.79) (1.12~2.04) 0.85~1.71)  (1.60~3.69)
2R 0.31 0.72 0.48 1.13 0.33 0.76 0.4 0.94
Shandong (0.12~0.79) 0.45~1.13)  (020~1.19)  (0.81~1.56)  (0.13~0.84) 0.51~1.14) (0.17~0.99)  (0.70~1.25)
i} 0.06 0.17 0.05 0.13 0.25 0.57 0.26 0.61
Shanxi (0.04~0.11) 0.14~0.22)  (0.02~0.12)  (0.08~0.19)  (0.07~0.89) (0.38~0.86) (0.12~0.59)  (0.44~0.84)
AR 0.45 1.04 0.51 1.18 0.48 1.13 0.53 1.23
Shijiazhuang ~ (0.24~0.85) 0.80~1.36)  (0.15~1.73)  (0.79~1.75)  (0.24~0.99) (0.84~1.50) (0.33~0.84)  (1.04~1.44)
B 0.48 1.12 0.77 1.78 0.38 0.88 0.43 0.99
Xinjiang (0.24~0.97) (0.83~1.50)  (0.19~3.11)  (1.03~3.09)  (0.14~1.02) (0.60~1.28) 0.15~1.21)  (0.63~1.58)
B 0.33 0.76 0.28 0.66 0.35 0.81 0.35 0.82
Zhengzhou (0.17~0.64) (0.57~1.00)  (0.08~1.06)  (0.45~0.97)  (0.16~0.78) (0.60~1.09) 0.10~1.19)  (0.57~1.17)

e a R ATEEBIMEL 95% A EAS X b AT DEai VB (AT OE R P BB R TEZE 5 (p<<0.05) , EC10 F1 EC50 43531 A 5500 HAH LU v 2L Al
o BRI BRI 10%5 50%H, L IEFLBUKEL CaCly JEHUEH Cu IR ¢ RTRIHLLAT A2 (K i 1% | HA Hormesis 200

Note: a. Ranges given as 95% confidence intervals (C. 1.); b: Significant difference between unleached and leached EC10 (effective concentrations that caused
50% inhibition) or EC50 (effective concentrations that caused 50% inhibition) based on soil pore water and 0.01 M CacCl, extraction using T-tests at the p <
0.05 significance level; c: Hormesis for tomato shoot in the soils.
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2.1.2 #HMHEME

FIH-RN MR, BEE/KENE Cu (FLEK
P& 0.01 mol/L CaCl, ##HUEH Cud &R,
PHLLAT b3 43 I AR ) s kD o« 7R ARk R AT
PEAT T, 17 A HEALBR/K F Cu X PH AT i () #1
I EC10 246G H 73 /& 0.06~1.47 mg/L (23.0
%) F10.05~2.24 mg/L (41.1 1%), EC50 (746G
Fil 43 )2 0.17~3.42 mg/L (19.6 fi5) A10.13~4.37
mg/L (34.5 %) (£ 2). [FFEXF 0.01 mol/L CaCl,
PR Cu (EEE B, TEIRMRBEFIMRGESAE T,
EC10 AR ALYE I 737 2 0.18~2.64 mg/kg(14.4 £5)
F10.18~1.28 mg/kg (6.9 £i5), EC50 [HAZ K H 4)
2 0.57~6.14 mg/kg(10.7 5)F1 0.61~7.11 mg/kg
(11.7 £5) (& 2). 45K T CaCl #2HE Cu 1)
EC10 F1 EC50 FAR A5 ELFLBR/K ' Cu #51E BI{E
No ZEPEEBIIITANE Cu X PHLLMGIITE S, 45 %
R ARMGERMRGE 128 |, BC10 5 KfH S5h
H IR EE1 53 530 5.9 /%A1 8.6 f%, ECS50 43514 7.1
51 9.7 5. XU T H5AME Cu IG5 BE AR L,
IKEPE Cu B EEVEBIMEAIE R R, A RRIR AT
HuffRe 17 /N3 Cu XY Z0ATi R 25 57 . Broos
AT 12 ANBOCRIE AR 1H 358 |, BTST Cu Xt
BRI AL IAFINPIR R 2, R I 1R LB
JKELK 0.01 mol/L CaCl, #2I T Cu ZpPEBI{H
EC50 LLAME Cu ) BI{EAR L K. BRI, T35
WME O KR Cu (TR 22 .
2.1.3 ket BE 6% 8

XFF OB (1 3, AEMRSE R GE IR LK
LA 0.01 mol/L CaCl, FEHUE T Cu X PE LA A= K 1)
BEVEBME IR A AR W I 22 5 (R 2D XTI
SN, MPER E R T UK Cu 1
B {E EC10 F1 EC50 L& CaCl, #¢H(ES Cu [BI{H
EC10. ik 731 P 52 3 10 38 1 o A ARt
I 3P A R Ek 11.4 mS/em, iz T
VU 2T IE A K L 2.5 mS/em!™; kLS5 1+
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FH SPSS 19.0 %2 JaRIA 3 #r T 438 FLEsIK
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K743 59024 Ca® Fl DOC (3£ 3 Fr| 47572 2. 5. 8.
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i, H—1¥) DOC fig 7 il il ke 48%- 56%I11 EC10.
EC50 (78 5o Ay T3 13 CaCly $2HUES Cu X
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F 7 134 194 21, 24), fllisa—p) Ca®' hefi#
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Table 3 Simple and multiple linear regressions for unleached and leached soils from tomato shoot bioassay between soluble Cu

toxicity thresholds and soil pore water chemistry.

i EPEpys YT RE R P
No. Regression equations Determination coefficient Significant level
kvt - HEALBRK ) Cu  pore water-Cu in leached soils
1 EC10=-0.50+0.094pH+0.0068K+0.00088Ca-0.17EC-0.0061 Mg+0.0035Na-0.0012S+0.00070DOC 0.84
2 EC10=0.073 +0.00094Ca 0.64 HoHE
3 EC50=1.0+0.057pH+0.0088K-0.00031Ca-0.50EC-0.067Mg+0.023Na+0.0073S+0.0052DOC 0.83
4 EC50=1.3 - 0.079Mg + 0.027Na + 0.0066DOC 0.70 *x
5 EC50=0.74 + 0.0017Ca 0.31 *
WRPE T EFLBRK ) Cu pore water-Cu in leached soils
6 EC10=-0.52+0.073pH+0.0015K+0.0041Ca-0.58 EC+0.0077Mg+0.0025Na-0.0096S5+0.0021 DOC 0.82
7 EC10=-1.1 + 0.14pH + 0.0024DOC 0.62 *
8 EC10=-0.0012 + 0.0022DOC 0.48 *x
9 EC50=4.4-0.57pH+0.0030K+0.012Ca-1.3EC+0.0072Mg+0.0082Na-0.020S+0.0046DOC 0.77
10 EC50=0.074 + 0.0065DOC 0.56 HoHE
JAEbkYE 13 CaCl #2174 Cu CaCly-extractable Cu in unleached soils
11 EC10=1.1-0.090pH+0.00014K+0.0015Ca+0.078EC-0.027Mg+0.008 1Na-0.00165+0.0016DOC 0.96
12 EC10=0.45+0.0016Ca-0.082Mg 0.86 HoHE
13 EC10=0.12+0.0017Ca 0.74 HoHE
14 EC50=4.7-0.53pH+0.047K+0.0033Ca+0.14EC-0.046Mg+0.017Na-0.00845+0.0034DOC 0.99
15 EC50=4.7 - 0.52pH + 0.048K + 0.0034Ca - 0.042Mg+ 0.017Na - 0.0087S + 0.0032DOC 0.99 *
16 EC50=3.9+0.056K+0.0041Ca-0.010S-0.44pH 0.95 HoAk
17 EC50=0.48+0.074K+0.0036Ca-0.0095S 0.89 *
18 EC50=0.054+0.076K+0.0023Ca 0.82 wok
19 EC50=0.53+0.088K 0.64 HoAk
WPt 33 CaCl #2HUA& Cu CaCly-extractable Cu in leached soils

20 EC10=0.58-0.0057pH+0.0092K+0.000035Ca-0.28 EC+0.0067Mg-0.0011Na-0.0016S+0.00050DOC 0.75
21 EC10=0.35+0.011K 0.52 *x
22 EC50=8.4-1.1pH+0.061K-0.0025Ca+1.4EC-0.0033Mg-0.0077Na-0.00135+0.0025DOC 0.93
23 EC50=9.9-1.2pH+0.070K 0.88 HoAk
24 EC50=15-1.7pH 0.66 HoAk

i: DOC MR HLER: EC AT A EC10 Al EC50 735 55 %] MM LU U £ Al b 1 383 "EW) e/ 10%45 50%I s -3EFLEUK B) CaCl, $R I
T Cu BRI p: IBIAUTRR P RB BF AR, * 5%, % 1%K PR, w5 1%k 3%

Note: R*: coefficient of determination (percentage of variance accounted for by the regression model); DOC: dissolved organic carbon; EC: electrical
conductivity; EC10: effective concentrations that caused 10% inhibition and EC50: effective concentrations that caused 50% inhibition; p: significant level, *:

5% significant level, **: 1% significant level, ***: 1%o significant level.
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B E AR Ak f5% T A 1S DOC, ok k pH . %t
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WP 7 (Ca®. Mg®'. Na") LUK DOC
WS, (HMVERTE DOC MW AR BN (K
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WA S, TR E A TR, Cu®t 5 DOC
AR 0, DR RAE R )

DOC i 4y 5 3 ALBUK H Cu B 1 5 222 £
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XYL DOC X Cu w1 (1 15 F 1) 252 31 -+ e v i

R BH S 5 . DOC A2 M fLBR /K Cu Bk
MEZLRZE, Cu XPHLAA KRR DOC %
B g i bEA%, DOC [PIRFEEREHE N 100 mg/L,

MUE EC10 950 0.24. 0.22 mg/L (J5FE 7 F18),
WA EC50 300390 0.66. 0.65 mg/L (5 1%
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VR E R Cu” BIRIEE WD, 1T Cu-DOC JE
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Influence of soil solution properties and predicting model on soil
soluble copper toxicity to tomato shoot

Zhang Xiaoging®, Wei Dongpu?, Li Bo?, Ma Yibing %, Huang Zhanbin*
(1. School of Chemical and Environmental Engineering, China University of Mining and Technology-Beijing, Beijing 100083, China;
2. National Soil Fertility and Fertilizer Effects Long-term Monitoring Network, Institute of Agricultural Resources and Regional
Planning, Chinese Academy of Agricultural Sciences, Beijing 100081, China)

Abstract: Metal bioavailability and toxicity is not only determined by its speciation and contents, but also by the
soil water chemistry. In the present study, bioassays of tomato shoot were performed in 17 Chinese soils to
evaluate the phytotoxicity of soluble copper (Cu) toxicity based on soil pore water and 0.01 M CacCl, extraction.
The selected soils, which represented the major soil types and properties in China, were spiked with soluble Cu
chloride. Sub-samples of the spiked soil were leached by artificial rainwater to simulate the field conditions and
the toxicity was compared with that in unleached soils. When considering the toxicity thresholds for Cu in soil
pore water, it was found that the effective concentrations that caused 10% root growth inhibition (EC10) and 50%
inhibition (EC50) varied widely from 0.06 to 1.47 mg/L and from 0.17 to 3.42 mg/L in 17 unleached soils and
from 0.05 to 2.24 mg/L, from 0.13 to 4.37 mg/L in leached soils, representing 23 to 41.1 folds differences.
Similarly, the toxicity thresholds for Cu extracted by 0.01 M CaCl, showed that the EC10 and EC50 values for
unleached or leached soils also varied considerably from 0.18 to 2.64 mg/L and from 0.57 to 6.14 mg/L in
unleached soils and from 0.18 to 1.28 mg/L, from 0.61 to 7.11 mg/L in leached soils, representing 6.9 to 14.4 fold
differences. However, leaching did not significantly decrease soluble Cu toxicity thresholds in most soils. These
results indicated that the toxicity thresholds of soluble Cu variations were influenced by soil solution properties in
a wide range of soils. Meanwhile, the relationships were developed between soil solution properties and
phytotoxicity threshold values for copper in a wide range of soils. The multiple regression results showed that
Ca” and dissolved organic carbon (DOC) were the two most important factors affecting the extent of Cu toxicity
in soil pore water on tomato shoot in leached and unleached soils, respectively, and meanwhile they were
positively related to the toxicity thresholds. Single Ca”" was found to explain 64% and 31% of the variance in
soluble Cu toxicity threshold EC10 and EC50, respectively, in pore water across unleached soils. For leached soils,
single DOC was found to explain 48% and 56% of the variance of EC10 and EC50. Soil solution pH was not the
most important factor controlling the soluble Cu toxicity, while it could improve the prediction of the model to
some extent, with the toxicity thresholds in pore water increasing as pH increased. When incorporating these
parameters (DOC, pH, electrical conductivity (EC), S, Ca®", Mg*", K and Na") into the regression models,
together with corresponding toxicity thresholds for soluble Cu, the coefficient of determination (r*) for EC10 or
EC50 ranged from 0.75 to 0.99 in leached and unleached soil. This implied that the soluble Cu toxicity on tomato
shoot could be better estimated by soil pore water chemistry. These quantitative relationships between soluble Cu
toxicity and soil solution properties can contribute to the development of a soluble Cu toxicity risk assessment of
the terrestrial environment in China.

Key words: soils, copper, models, phytotoxicity, tomato



