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Pollution characteristics and potential ecotoxicity risk of heavy metals in surface

river sediments of western Hunan
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Abstract: Huayuan River and Dong River are two important freshwater rivers, in western Hunan, and strongly affected by
Mn and Pb-Zn mining and processing activities. The assessment for potential ecotoxicity risk of surface sediments of two
rivers had never been conducted in a comprehensive way. The surface sediments were sampled and total contents of 7 heavy
metals including Cd, Pb, Cu, Ni, Cr, Zn, and Mn were measured. The geo-chemical fractions of heavy metals were
determined by BCR sequential extraction procedure. The pollution characteristics of heavy metals were evaluated according
to Nemerow index and geo-accumulation index, and pollution sources were discussed. The heavy metal ecotoxicity risks
were assessed with the application of Sediment Quality Guideline (SQG) ( threshold effect level/probable effect level,
TEL/PEL) and toxic units approach. The results showed that the total contents of Cd, Pb, Cu, Ni, Cr, Zn, and Mn in the
surface sediments from most sampling sites of two rivers were greatly higher than that of the reference site, and thus
constituted serious combined pollutions. The heavy metal pollution of surface sediments in Huayuan River was clearly
heavier than that in Dong River. In Huayuan River, no clear pollution trend was found, the maximal levels of Cd, Pb, and
Zn occurred at S6 site, the maximal levels of Cu, Ni, Cr, and Mn occurred at S4 site, and the degree of heavy metal

pollution at different sites indicated by Nemerow index was S6 > S4 > S2 > S7 >S3 > S5 >SI1. In Dong River, the
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relatively low heavy metal levels existed in the upstream and the high levels existed in the middle/downstream, the maximal
levels of Cd, Pb, Cu, Ni, Cr, and Zn occurred at L6 site, the maximal levels of Mn occurred at L5 site, and the degree of
heavy metal pollution at different sites was [4 > 15 > L3 > L1 > I12. In two rivers, the heavy metals with top
accumulation were Cd, Pb, Zn, and Mn. The heavy metal levels at different sites were related to the distributions of mining
or processing factories, and thus heavy metal pollution might mainly originate from point discharge of mining dregs and
mining wastewaters. In most of the sampling sites of Huayuan River, Cd, Pb, and Mn showed a similar geo-chemical
fraction characteristic, that is, those bioavailable fractions were greatly higher than the residual fraction, moreover, the
percentages of the exchangeable and weak acid soluble fraction of Mn and Cd were much higher than other heavy metals,
however, the percentages of the exchangeable and weak acid soluble fraction of Cu and Cr were relatively low. The levels of
Cd, Pb, and Zn in Huayuan River surface sediments were greatly above PEL, and the levels of Cd, Pb, Ni, and Zn in the
middle/downstream of Dong River were also above PEL, these heavy metals might show a high potential biological toxicity.
In Huayuan River, except for Sl site, the surface sediments from other sampling sites showed clear acute toxicity, and the
surface sediments from middle/downstream of Dong River also showed clear acute toxicity, therefore, these river stretches

should be controlled with great efforts.

Key Words: Huayuan River; Dong River; surface sediments; heavy metals; ecotoxicity; BCR sequential extraction

procedure ; sediment quality guidelines
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WG i i , K BR A FOHLUBORL , 3 &, (B4 B K, E1 #ZEAMEARRTRORERTEE
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FEFARETRE REZSH TR HHGERE1.5) . B RIEH0 - FhrE WSk

HTESBE RERLE  HERA L —RARE, 7 T BRI X TR X RZRY P E SRR
B, A SCE B S 5 B T AESY B AR A0 KBNR MITRY E &8 5 BV RN iR
1.4 HEEBEBTEESTEXR N 7%

R E G ESL RK A S R G VTR B B 2 ( Sediment Quality Guidelines ,SQGs ) ™ SEIFHH LA th &
BB ITCR ST : HHE )8 TTR WK T lh A ALY B ( Threshold Effect Level , TEL) i, A 4= ¥ 5
MRSAR D K A s B4 B TR R BE i T RN ¥k BE ( Probable Effect Level, PEL) B, AN F1| A= 1 2 4 280 RL 4 431

FEPERAL(Toxic Units, TU) % SCHFFEY) AL W BE 5 H X ) PEL (HZ L, AEXS A E SR ITR 1)
FEEREATAR AL , AT FLBCHARXT B MR, , & A RO E SR TR 6 FhEE )8 (i T Mo A VIRY R BT
B, ANEIETEN) FEEERALE R ( X TUs) RKAE, 4 T TUs < 4 WAl G BF#E, ZTUs > 6 BERBIAR S
PR
1.5 FdEsaba

I %H>K A SPSS 17.0(SPSS Inc. , Chicago, IL, USA) #7404, E&BIUR Z A BEME
R Pearson FRZEHHK T, M B 22 57 B E MK 0.05
2 HRESH
2.1 EERERZIRYHH G Rk

AL 55 T P T Y R A SRAE AL R JZ VTR BB R I 0 A RHAE LA R N B 5 B 15 e 18 B R 1
SRR EPFARRZIURYH, Cd \Pb, Cu Ni Cr.Zn I Mn )5 B7EL4 R ZHAL S # S TS B,
BHRE , EEFTURY 28 7K R TR .

®1 LEANMAAREARYTFESEROIHREEHAETEL (psg™")

Table 1 Distribution and Nemerow index of Heavy metals in surface sediment from Huayuan River and Dong River

1 & Sites Cd Pb Cu Ni Cr Zn Mn NI
2 Reference site 0.39 24.81 17.82 23.23 60. 04 109.03 490.73
£33 Huayuan River S1 3.30 88.53 23.30 30.74 84.03 193.43 3567.92 6.50
S2  128.08 418.06 42.75 34.37 86.22 1545.20 2020. 98 235.19
S3  116.80 402.29 40.09 43.11 98.43 1586.68 3980. 12 214.60
S4  248.09 984. 86 159.22 84.50 695.52 3807.75  19572.2 456.57
S5 83.96 504.23 52.03 41.05 91.57 1717.28 2946. 01 154.54
S6  389.83 2809. 47 134.05 36.19 84.31 7302. 18 7855.41 717.23
ST 125.38 592.33 57.71 41.05 210.19 1715.55 4858. 64 230. 54
U3 Dong River L1 2.31 34.50 16.09 30.72 59.01 118.49 429.81 4.37
12 1.44 25.47 16.02 31.22 75.59 104.74 608. 80 2.82
13 9.37 85.86 31.85 36.06 82.96 289. 56 727.46 17.38
4 138.16 1117.32 82.28 41.49 170.91 1802.91 6471.78 254.38
I5  92.03 647.77 72.55 37.41 88.46 1167.84  64932.3 171.98
SQGs!??! TEL 0.6 35 36 18 37 123 -
PEL 3.5 91 197 36 90 315 -

NI PY#8E 2 15 443550 Nemerow index; SQGs : YURRY) Bt ik 15 B s TEL : I S AL N R BE ; PEL: i SRZ0N He BE
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FEAEIE , EA R BB AR B &, Cd \Pb Cu Ni Cr il Zn FYHARIER 1 BUAE S1 75, Mn
BB B BRAE S2 745 ; Cd\Pb il Zn f 55 & {H R BLAE S6 £ 5%, Cu Ni Cr 1 Mn F)55 & fH A 4 L
WS TR ECR N , TR & RS M Z B E L BN EIG Y (N > 3) , B R E LR 5 YA B 3 J 1
FH:S6 >4 > 2 > S7 >S3 > S5 >8I,

FEIRT , % ELJRITRE LI & BB, £ T & EH X8, Cd . Pb.Cu il Zn W& ARME 1 BLE
L2 {37 % ,Ni . Cr Il Mn A8 H BUFE L1 {75 ;Cd . Pb,Cu Ni Cr M Zn Fyfx s (B HITE 14 A7, Mn s
EHHITE LS i WHE BN, 12 M S ZRESBHPEEE, ARSI SHZAEIT Y, S RE
&SRB ERBAIT N 14 > L5 > 13 > L1 > L2,

2.2 VFRYHELSRENEERE

TEAE ] AR R B RS R R Z VTR h S M E LB B RIS 8 L U RS R RAIE K 2, IE &
HERBEEBREIFKER:Cd > Pb > Zn > Mn > Cu > Cr > NGIRRRZENFEYHELR SEEEIN
FFRi{EH:Cd > Pb > Mn > Zn > Cu > Ni > Cr,

TSI TIRY &AL Cd F Pb B SRR, KI5 K08 2—6 &, 4 TR 5% 2 Els
Yu;Cu 7€ S1 J& I, 76 S2.S3 1 S5 J& THEET5 Y4, 76 ST | FIm BS54y, 746 S4 F1S6 g FrEETs 4y Ni 78
LU S1 A S2 JR FIET  FEH AL MRS YY ; Cr 76 S1.S2 1 S6 J& FI& 1, 76 S3 1 S5 J& TREE Y, &
ST BT BTG, 78 S4 BT ETGY;Zn 7 S1 JB FRETS YL, 78 S2.83 .85 1 ST | TIREIGT 4, 7€ 4
S6 J& FEIGY; Mn £ s PR TR EEEG .

S IR ES R S EREMTHEN, Cd WEEBRERS, 7€ L1 i1 12 R Ei5Y%, 7
L3.14 F1 L5 @ FEELL Bi55;Pb 76 L1 Al 12 J& FIEWE 7€ L3 B TR EY, £ 14 M LS B TEEGY;
Cu 7£ L1 1 12 ShiEis 76 13 B TREGY, 7 14 M L5 J& FIm BS54 Ni 1 Cr 75 YL /8 B 24588, Ni 7
L3 F 14 SRR EEIS YL, Cr (R T 7E LA HRES SN, HRK M AR TEE ;0 £ L1 M2 B FEE.EL3 8
FREEY, 7 LA LS BT EEREGY; Mo 76 L1L2 #1 13 B FiEW, MEU ML R RES™E

®2 REAMETRERRYPFEERSLMBRBER L KETEIER
Table 2 I, and rank of heavy metal pollution in surface sediments from Huayuan River and Dong River

I BEA cd Pb Cu Ni Cr Zn Mn
River Sites Io/R I./R I./R I./R I./R I./R I./R
E3E I Huayuan River st 2.50/3 1.25/2 -0.2/0 -0.18/0  -0.07/0  0.24/1 2.28/3
2 7.71/6 3.49/4 0.68/1  -0.02/0  -0.06/0  3.24/4 1.46/2
3 7.64/6 3.43/4 0.58/1 0.31/1 0.13/1 3.28/4 2.43/3
4 8.73/6 4.73/5 2.57/3 1.28/2 2.95/3  4.54/5 4.73/5
s5 7.17/6 3.76/4 0.96/1 0.24/1 0.02/1 3.39/4 2.00/3
S6 9.38/6 6.24/6 2.33/3 0.05/1  -0.10/0  5.48/6 3.42/4
s7 7.74/6 3.99/4 1.11/2 0.24/1 1.2272  3.39/4 2.72/3
i3 Dong River L1 1.98/2  -0.11/0 -0.73/0  -0.18/0  -0.61/0  -0.46/0 -0.78/0
12 1.30/2  -0.55/0 -0.74/0  -0.16/0  -0.25/0  -0.64/0 -0.27/0
13 4.00/4 1.21/2 0.25/1 0.05/1  -0.12/0  0.82/1 -0.02/0
14 7.88/6 4.91/5 1.62/2 0.25/1 0.92/1 3.46/4 3.14/4
15 7.30/6 4.12/5 1.44/2 0.10/0  -0.03/0  2.84/3 6.46/6

2.3 PURYIARIE SJR TR Z R AR
HEFARZVRY P S ESR BB Z BRI 3. RIS R BT AX 5 4 HiEM A<
KA1 40 Cd\Cu il Zn PIEZ (6] 38 IEAHSE ;55 2 42 Cd 55 Pb 2 [H] B35 IEAHSE; 26 3 412 Mn 5 Cu,
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Ni fll Cr Z [B] B3 EAHSC ;26 4 42 Ni 5§ Cr Z A B IEAK,

®3 REAREARUHEESREENEX R

Table 3 Correlation (Pearson) coefficient matrics between heavy metals of surface sediments from Huayuan River

JGE Element Cd Pb Cu Ni Cr Zn Mn
Cd 1
Pb 0.942* 1
Cu 0.862* 0.728 1
Ni 0.330 0.067 0.721 1
Cr 0.297 0.045 0.710 0.971* 1
Zn 0.981* 0.983* 0.828* 0.236 0.200 1
Mn 0.543 0.340 0.878* 0.930* 0.941* 0.478 1

* 0.05 KFEBEMK; n =7

WRFRZVURY S E R SR AR R B 40 RIS R BT LAX 43 H 1 20 375 WA B AH 56 5
55 1 4 Cd.\Pb Cu Ni 1 Zn Z [E] PP 238 IEAH 55 2 412 Cr 55 Pb \Ni Ml Zn Z A1 2 BE EAHX

®4 IRAREIRYPEESREEHEXREY

Table 4 Correlation (Pearson) coefficient matrics between heavy metals of surface sediments from Dong River

JGE Element Cd Pb Cu Ni Cr Zn Mn
Cd 1
Pb 0.996 * 1
Cu 0.977* 0.960 * 1
Ni 0.902* 0.906 * 0.933* 1
Cr 0.872 0.907 * 0. 800 0.880" 1
Zn 0.998 * 0.998 * 0.976* 0.924* 0.893 * 1
Mn 0. 467 0.390 0.584 0.329 0.000 0.431 1

* 0.05 KFEBEMEK; n =5

2.4 PURYHES RSB RHE

FEIEFT AR AR R UURY 7 FhE &R TR A FbER L ATE S0 A 45 R AT S A A 2 Lo 51
B2, SRR EAETTRY  ARESR AL SR ZFB R, Cd K] 2 H i) -5 55 B %
SFIE SRR B, iR A ] AL S B S AL 08 BEAR X 82 /08 s Pb 5 AT S84 ) 5 55 BR ATV 285 T
RS AR IR, RIS BB/ Cu B A RS AU IR B i K, AR BB/ Ni
M TE S ZACIIB/IN s Cr B AT S8 1Y) -5 55 BR T 5 AR SV AR AR AR/ , AT SRS A AT S8 AL 25 i A2 AL R BE
AR BER 3 Zn F Mn B AT 3235 55 R ATV 2SS | TR RS MR S AR R A BOR, T AL SR B /N A 2
ATLAE i, Cd \Pb Ni(S1 #1 S7 BR41) \Zn(S1 ERSH) Al Mn [ A9y AT A1 IS 28 Sh 25 (AT SC e i S 39 R AT 45
AR SRS AT B A Z A0 ) SRR B st 5 AR W) AN T A RIS (BP BRI , ENTRI AT R 251 5 92%
(86% —95% ) \78% (71%—96% ) \62% (53% —67% ) 72% (61% —80% ) F190% (56% —98% ) ;Cu B T S4
PR (CEP AT FIRIZS 5 83% ), Cr BR T S1ALR (CEMIA AT RIAZS S 83% ) , KRB A KAV AT MRS S EY
ANATH BT G AR S o ZETE A, Mn (Cd \Ni F1 Zn f) 4= 4y A] B3 IS (BRI A2 3 9 5 S5 IR T I 25)
HAEBE LB, 450k 36% (22% —T73% ) \21% (11%—40% ) \18% (14%—22% ) F1 12% (4% —23% )
Cu A1 Cr f A1y T ELHFI RIS BT o EL B>, 7350 3% 1 6%

TEWRFT TR Y, Cd \Pb 1 Mn 4 LS B AR AL ALIEOR, Horp Mn (] AALS R R (CV 72.22) 5
Cu Cr 1 Zn FFRHE AR BB, KRB BB Ni (AL S E/ N, MIE 2 AT LI i, Cd \Pb
A Mn A AT A S IZ & T AT AR, ENEEY R F RS 25 G 92% (88%—95% ) 83%
(62%—90% ) F1 89% (78%—98% ) ; Cu Fl Zn 7E L9545 il B AE YA AT FI FZS 5 T AR 9y v) FURIZS , 767 0
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HAR s Ni Al Cr B9 AW T A RIS (23500 28% F1 18% ) i /INT A M)A AT A RIS (2350000 72% 71 82% ) o TEAEY)
ATAFZS H, Mn A1 Cd 9 4= 9 w7 B HR 25 o5 A B0 B LB, 2050 O 49% (21% —61% ) F1 44% (31% —
68% ) o Cu Al Cr HyH= YAl HHA FZS BT & ELBlE>, 235 3% F10.3%
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f i< 7 .
Zh 5 %
50 2 K S 50 % 7
A B R % 7
s 5 & 7
2 sl K& 2 < =
t] ke e B o
HEE ] E 5 -
b < “‘v b 'I‘ >“"
0 0 ZR
Sl S6 Ll L2 L3 L4 L5 Ll L2 L3 L4
Pb
100 100
75 - ' 75 . 77
|7, 1
3] £/, {
2 :::: % o /] /] é:
£ % B 70K 2 U K
5] L —~—
- & 5 i’ o RS / B
<8 o < I < 2 KK
S22 S e {25 R A R
@ [ e H k. <A [
&g i < < AT B K
g IS e Ho% 53 <
jiund g 0 e o [529 0
=g S1 S4 S5
52
§§£ 100 100 po
Ly
S )
E o :.:‘
&5 75 75 H )
= ¥ A
5} < 50 H )
A / [? %! %
7 2 | K
25 % ? % ﬁ 25 | L)
(<
78782070 R K
0 = 0
S1 S2 S5 S6 SI S2 S3 S4 S5 S6 S7iLl L2
100 Ni Fet# 5 Sampling sites
75 W RS
GIE-0 7
50 AR
O W] A4 5 SRR W VA 25
25
0
S S2 S5 S6 S7 L3

SFAE S Sampling sites

E2 EANIpTRELRYPEERHOESS
Fig. 2 Partitioning patterns of heavy metals in the surface sediments from Huayuan River and Dong River

2.5 VRYHELSRIEREAESTEERXE TN

MENELBICENAEYBN TS, B 1 oA, EREF VRS $,BR T Cu #£ S1 {KF TEL 4b,6 FHE
L IRAEEARN I TEL; B S1 47 54k, Cd \Pb 1 Zn 7E 7 {7 s 3438 1d PEL, Cu %4 #81d PEL, Ni B
T S1 1 S2 ZAb, fE KA 38 PEL,Cr R T S1.S2 1 86 Z b, 7EH AR S8t PEL, ZEURRIUIERY)
H,6 FE 4B 7E L& AR A BT PEL,Cd Pb Ni,Cr Ml Zn 7£H T &0 S #3058 PEL, Cu {U7E
T LA F1 LS @it TEL, (BT PEL,

TEAE TR RO TR] 2 RN R Z VIR Y 6 M E SR BIERALZM( X TUs) Qi 3 Fis, 6L A FiE 7]
B VIR E SR KT X TUs K/NRJFHR:Cd > Pb > Zn > Cr > Ni > Cu,

FEACHE DU, bR S1 40, Cd HE R K THEESRMEEAN, BE THEELRHE
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FALEE A, Cd Xt X TUs f 5TRR R (70% ) 5 Pb Hl Zn

180 mWZn
BBk BT UL X B 5 R S4 B 2Sh CrNi I Cu ] B G
MBEERA AR s A b, BRI RS S1 RS RSN, 2 | BO
SAA GBI AR STUs AF6), 55| oo
HBFMEAMRFER:S6 > 4 > ST > 2 > S3 > S5, §§ 120

TEURI OB R, R LA R LS R cd fiPb € ;j 100 %
Y TUs {15 K Fiik# (85% ) ; Cu Xt 3 TUs Fiik/Ah & £ sof
(19%—3%) . 6 HESMTE LF LA L2 (M Bt 55 of
FARN Ca NG Cr BEFFAT LS BRI B S|
Zn e 1A B LS (LS AAHIRIBER MBIEALL, BT =2 | ﬂ ﬂ ﬁ ﬁ
L1 112 firf5,13—15 AW BHAMEEE(ZTUs sy W
S S 9 S %Y T U

KF6), HEHEA/NIFHR:14 > L5 > L3,
3 itig
3.1 EERHTERORIE H3  E RIS AR AR R B 8 (o A
ABIILRAR AR RRBR Cd,  Rtmxme
Pb.Cu.Ni.Cr.Zn gﬁ] Mn E@E\%Egﬁigﬁﬁzlﬁﬁg%‘ﬂ: Fig. 3 The sum of toxic units ( Y, TUs) and relative contributions
SR TR E T 4R A5, AT, g dmyy  Of o the heavy metals in surface sediments from various sampling
OB SR T Yk UL 8 U (R T o one Rver
MRS, iR TR E LR R R AL, B B & BK, P TS B B AR EZ U
Yy E R B R RIS AR Cd Pb.Zn il Mn, #RIESCHLAL , EEVE RS ET 7= T4k =4 30 %K,
IR R 20 5 R0 TR B LT ARG B N E SR B K W s 2, R R m 7= R i i TR X
Mk E B W ES BB RS, 7700 TR KN BB R G P, X 20 T 48 @ i b2 W% bt
YFRCRE SRR P E B TEETS 2 WP M8 LI RAAHIN T 32 G0
D, OF 20 RAEMITH , X 21 BUTFRY) + Pb.Zn Fl Mn 5 B &£ R4 A, Cd.Cu Ni il Cr 4
T EE TR AA I T R A5 5, o, Cd E FH ARE AR, A EERE &R, X5
BRBFRSERRE B> T2 FEIBIET , BB UL A TT R /0 A6 1A 7E W 1B 10 23 ) S
X5 TV ISR B A0 A S A B B4 R (R 3h L SR UURE 8 04 5& 7 S1 A5, B4R Cd.Pb . Cu,
Ni.Cr #l Zn & 2 5AK, A Mn & BAXT R, b B H0AF 2. 28, RI P ETF Y (F 2) ,S1 i S BERET
B YR, ELFRE A O B BRI, AR B SN A MAEE B R AR B BRI T Al i35 Yk
B, anAeiE BAR AR AR e e B 2 ARV e B R AL, U E &8 MUK B R — e s 4. 7E
S2 L 5 B £ D) AU W R AL F, FTH Mn (8 B AR, BRI R BTG Y. S6 (WiF1F) M1k
HERT O PR B SO AR, H BIEMEE A 2 RABE 3 K BREE LT ULGR %, H
Bk ok BRI X B E 4R V5 P Y B, B IR b Cd P Fl Zn S EKBIEREE. S4 LA TR
BRI O, IS S AR IC R, H B 3 ARG (FEE L E L IR AR 4l e 1E B s e
HEESRE) 2 e (HEEEFERNERAFIMIBEALERSAR) R 1 &G4 bk
3T R A V5 K A Tk R K A 25 A HEJC, BRI B Mn Cu Ni I Cr iR {B . 7EURT, L UERR T
1 ZALT) b, B N E SR ITY R, BT LATS Y80 L3 A s AL FUR A B i, IR FHE IR T,
B Cd 4h, AT 48 L RINRE i o BTG YL, 15 Y U8 R B IR B R A 1615 7K 78 1A A8 Bl A
A2 FE) 1 KK Pb Zn Mn Fl Cd B KRBT (FEHAT) UK 1 KHIZ5AH], 1 BOZ AL TR
Cd . Pb.Cu Ni ,Cr il Zn M5 K554 ;L5 A7 s FEMR AT 4 T, B 5 iR IX, A | 48 (e k) ) b
KB LI BEESBERMNERY 8L E B ENE LB, HP U Mo {54508, FEEm

#£ 15 Samling sites
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PR AR T 4 35 e SRS IR T Ml A 72 T A o R 7K B A HE R o

MUY E 48 02 2 [ B AR SV AT DL 2 B E 4R T8 K 2 (8] 7] fiE i 3t R AR AE (04T kL SR U
) W FEATIR A, AR i Cd | Cu F1 Zn B 2 [0 535 IEAH ¢, BEB B A 1875 YL I35 2] ; Cd 5 Pb
Z AR IEASE, Y 2 MR TS5 e s Mn 5 Cu Ni il Cr 22 ] 3 IEAHSE, $EH Cu Ni #1 Cr Jy Mn fFEAE
By, IR B Cd Pb.,Cu Ni Fl Zn 2 [A]B 1 B3 IEAHSE , AR AT 0975 YL Y5250 ; Cr /& Pb Ni il Zn
IR TS L,
3.2 ELRKHIRIFE SRS E A R

TR ELR KB A A S R HS e A S UG A S M B 6, KR Bk T Hot Bk
TFIRAETE A , R HBR L2 T 25 R M T SNR A R i AR BE, T L5 54 JRR 0 A 00 78 1 0 A 25380 2% B0 A
5%, IR E LR MBS EE AT DR B g R i B SR BT B TE R A A S5 B, T HL AT
LA ROR I E 8 B 15 Y A AT e A S XU R B R EL B UAR NS S
7E, BCR U 2 BUE A VTR P T 6 B T A5 e S04 1 8 U AT S 4 1) 15 55 BR AT VA 45 AT B JELAS T 4R fk
BRRES, W HK SR AS O S T RS RR S A, WIS TR IR, R AL’
T, T B R AR RS R U BB SRR U A B B S A I E B IE A, Fe/Mn G ALY 1238
i R PR B LTS AR R E AR , X eV FA R AR SR A R IE SRR, S/ AR AL R T AR K i i 45 &
SERNEE;TAASESAEIYRRADEES, RUESBE TRPLE T, B YURIE MR B
RIS A R T 5 E LR A RS TR YR TR ) pH BLE AR SR 4 5 A BUAE , 7] 3R 25 A
AT S AL AT RS AL g LR W AT FAZS , BRI — 2 ¥ 70 A AT R R 2 s Bt 5 R EIRAE T A 5 B AL 2 1)
H B AT YR A S REOS Y LI R A, H A A S LR T AZ R o B, — A Ak
XU E 4R M R B EE SR 3 MRS (B AY AT RIFZS) A 56, A4 Pyl Fi 2ok, 0 A4 A 2k
MK AHFSE BN , 26 AL HE I FRTA i A 28007 5, Cd \Pb i Mn BTE 25 B A SERIHE , BIE AT 0 A4 9 7] 1
BB AR AR AT RIS, T EL, Mo F1 Cd AW BEEA ST S LAEE THREESRE, X
HFRHED Luo 255 sk e 4 BF ST 45 R0, HEH 2 Mo 12 53 IR BRI T 1) 4
AT Cd 7T RE S EAETURY I A R Cd A< BB R i1k 2 E v 60 o eabh, 7EABIE I AR
w1 Ni 1 Zn {9 4 4T R FAZS 020 , Cu 0 Cr B AT F IS BUAREEE 50% , (EEC A= AT B4 A IS BT o HE
(AARAR s FENRTAT AR, Cu 1 Zn 76T We 30 55 50 A2 0 vl ) PR 285 EL AR X 86 87, Cu 0 Cr f9 A 40 T B 6 L 7
R SRR . R A Y, ZEAEHEA, Cd \Pb \Mn \Ni 1 Zn B A SR W IEE BRI WA 30, H &
B AR5 YeY) ; ZEURT F 7, Cd Pb Mn #1 Zn N EBER ARG LY
3.3 3T SQCs WELRASHITEMN

VIR AL A0 HT B AR REAR I Hb T 835 YR (ELR BEHIWTS Je M B A 800, . BRI, 76 B0 2 520
BRI, I3 T A Ak R e e R R BB v (SQGs ) AT A DR U5 Ye LR ) A Ay 3 ik, AT 28 51
HAE TR KK RIS BRI RN AESEE G AR R R SRRt EE
H 0 62020 3] KBS EET SQGs X 6 FHE 4R MAESFEHITEM R ER, R Cu 240, HA S HELR
TEAEIE A A 7 1 38 1 s S5 38SE #e B (TEL) , Horb Cd \Pb 1 Zn 75 AE1E T B BT A o7 2 348 2o A SR 2800 e
(PEL) ,Ni 7E KB 55 PEL , ARF A 130806 40 % % 4, Cd Pb il Zn (¥ 7E A IR MEAR K5 Cr AR TE
— B f 5 PEL, {H gy T Ay ] B4R ST o5 O , KUK 7T BB %%/, Cd\Pb Ni I Zn 7R H T
Wi fir 45481 PEL, A BRRISEE W aEE . IR ES B AR ( X TUs) 7T A7E— &R RE _ERIEHF
R AR . APRSERER, BETE SIALE TS, HAK LS HEE W B0 ArEE 1, S6
1S4 37 S AT KR B o XIR M MBI AT AR A S Ah 2 LA R SRR 2 R B, FE T K £
YO KA sh i 3 5 AN SRS SO R WIRAE Z , 3 S5 A BT 5 T i 2o v 2 ek O AR — 3, R
T4 R B AR ( X TUs) 7] IR IF I FRAE X SRUTRY W ZE B . BT Mo WBEVEARAR, HAT
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A TURY R R, (BRI KRN E SR Is R EZmET L5058, mETURY+ Mo 82 FMAY)
] LA SRR, Bt , A SR KU 7 B4 & SR B T 2 — P ST
4 it

(1) FEEFH AR P e ENE SR Z G155, RETIRYH Cd.Pb,Cu Ni,CrZn I Mn )5
BIEARZHA G R TSRS EEW TR P E SR KI5 KL & TR . WA REETURY +
BHEEEERISIK2 Cd\Pb.Zn il Mn,

(2) FESE A ANURAT TURRY) P B 4 5 e BRI T b A 7 B 7™ A IR B K B R

(3) BEMPRYIH ) Cd . Cu Al Zn Z[E] Cd 5 Pb Z 8] BA IR K75 Gk I8, IR T LAY H i) Cd \Pb,
Cu \Ni Al Zn 2 8] BLA MR #9775 R R AR TE o

(4) B AR TTIIARY)H Cd \Pb A1 Mn FFEZS BA JERIRAE , B E AT A= 4 o] A A S S BORAR BE b
AP RTF RS, T E, Mo I Cd B9 A4yl EEGFI RIS PT 5 Lpla s THEESRE . BEWTRYH N
Zn FYAEY AT R RS WENR . PIZRTRLTTRY b Cu A1 Cr B A4y ] B FIZSPT 5 ELIAR A

(5) FEHEFTURYIH Cd \Pb 1 Zn PrA (7 Sum it PEL, AR KR Y3, 220 i = T i
Cd.Pb.Ni I Zn st PEL, A B R HEELEYIFENE, Mn A E A S TR ZHE— LI BR LiiF SI A7
B, FELET (AR AL i AR B BB ) S T WA o R 25O B I B i B MR, X T B B E A
REBLIAS
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