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Abstract: To clarify the concentration distribution characteristics of heavy metal and arsenic ( As) and their ecological risks
in the sediments of the Yellow River estuary and the long-term effects of the Flow-sediment Regulation Scheme ( FSRS)

the concentrations of six heavy metals (Zn, Cr, Ni, Pb, Cu, Cd) and As in the surface sediments of 27 stations sampled
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in 2012 were determined by ICP-MS and their ecological risks were evaluated by determining the potential ecological risk
index (RI). The results showed that the average levels of heavy metal and As in inshore sediments were in the order of As >
Zn > Cr > Ni > Pb > Cu > Cd. The spatial distributions of Cr, Ni, Cu, and Pb concentrations were consistent, and higher
values were generally detected in inshore and near the Yellow River estuary, whereas lower values were observed far from
the estuary and coastline. Ni, Cu, Pb, and Zn concentrations showed significantly positive correlations with clay ( P<O0.
05) , whereas no significant correlations were observed between clay and Cd (or Cr and As) (P > 0.05). The average
potential ecological risk indices of six heavy metals and As in inshore sediments generally followed the order of Cd > As >
Ni > Pb > Cu > Cr > Zn. According to the RI values in the study area, 18.52% of stations were slightly ecologically
hazardous, 70.07% of stations were moderately ecologically hazardous, and 7.41% of stations were strongly ecologically
hazardous, which was mainly caused by Cd and As. Because of the use of agricultural fertilizers, inshore oil extraction,
fossil fuel combustion, and estuarine pollutant input, the sources of heavy metals and As in inshore sediments are complex
and diverse. This study showed that only the concentrations of Cd and As showed an increasing trend following long-term
implementation of the FSRS, indicating that their ecotoxicological risk in inshore sediments of the Yellow River estuary

should be evaluated in the future.
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Fig.1 Location of study region and sampling sites

1.2 FESAHT

FREL 0.1000 g THEAITIARY TR IUE ZAE MR KN 5 mL HF .2 mL HNO, (F1 1 mL HCIO, , ¥ %¢
A R VUSRI RE A e TR T A LR DL 180°C T M 12 b, SETHMREV E1 5K PN RHERCH | 7E 3 XUbe Py
TR E DL 80C IR , H R A 2R, R EE A 2 mL HNO, Fl 2 mL 28 F/K A fHE
FEFRE THAE A LL 150°C T AR 12 h, ’*rAfﬂFH%%éElﬁz'h%mﬂﬁtlﬂ%’%%izi%z%#ﬁqﬂ,JJHA%&%‘%J(
FEZS A 30 mL( LA BT HF JHNO, A1 HCI0, ¥ A ek 4l ) . FFLIEHN A& 45 3 TR %A (35 [ PerkinElmer 2%
w)) WE TR 6 R E 42 )8 (Zn Cr Ni ,Pb Cu,Cd) I As E’Jaio A E Z R EY) BT ( GBW0T7314 ) i ifF
PR SO B4, AR E 45 R L2 1., F Marlvern Mastersizer 2000F 3556k B AY (3 F B /R S04
A W E DU RS

R1 REMRPTRERRENREES KNE

Table 1 Observed and certified values of elemental concentrations in standard reference material

i ‘ﬁ?"é:{ﬁ S I % ﬁ?&:{ﬁ S [ g 2
Flements Certified/ Observed/ Recoverv/% Elements Certified/ Observed/ Recovery/%
(mg/kg) (mg/kg) ’ (mg/kg) (mg/kg) :
Cr 86+4 95.33 110.85 As 10.3+1.4 11.47 111.39
Ni 34.3+4.0 37.02 107.93 Cd 0.20+0.04 0.19 94.48
Cu 31+4 28.57 92.15 Pb 25+4 25.30 101.20
Zn 87+2 75.44 86.71

1.3 TSR R ROk
e R Aok E‘?FE?FE%JET it B HARFR G P T e AR FNTURR S AT R e, TR 7 A E X ILAR
b E A JE A As S EPETIEY, HA R AR ON

http ; //www.ecologica.cn



4 A E = 38 &

c,=C/C E =T -C RI=YE=YT-C,
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TTERBSHE R, T o 4 i A REE R [ A SCRIIY TE ARG R S 1 HERE{E (Cd =30,Cr=2 Ni=5 Cu=
5.Zn=1.Pb=5 1 As=10)"""] RI (Integrated potential ecological risk index) NUTF) H L H 48 IC K 4
HHESKRAEE(F£2) .,
x2 BEESKBIBEITEMN S RirE
Table 2 Classification criteria of potential ecological risk index

BN w2 EROY N % =S S (BTN P A Ee SN o 7 G 22 i A s I N =

Individual potential Individual potential Integrated potential . X )
Rank . L . . Potential ecological risk

ecological risk index ecological risk index ecological risk index

1 <40 I &% <150 | S fa®

2 40—80 I 45 150—300 IR RE e S [ 2

3 80—160 |[E5E 300—600 I 5 A 250

4 160—320 Vi >600 Vi G E

5 >320 Vs - —

1.4 KV T

BRI AR LR A SRR — SR, R RELS T TR, KAV 2 KR, BT
J ™ K AR 3 R S PR VD TR BT iR SR AR (S BT T 800 km (VAT RIE LAEF-1 0.1 m (Y3
FEWRTRIG R o AR e VDR RR ), BRI KR 2 B 25 A 2002—2011 AFEFEHEAT T 10 RIAK Y (3R
3)

®3 NREEKER SRR BIEG R

Table 3  Statistics of Xiaolangdi water and sediment regulation'2’!

S e s ST I - T N

\ Vi bt FHEFDR g R AN

AR H it 5iling . Regulating . . . .
; Regulation flow/ . River runoff/ River main channel minimum
Year Date Period/d 5 sediment/ s . 3
(m”/s) 3 (10°t) flow capacity/(m>/s)
(m”/s)

2002 07—04 11 2600 20 0.362 1800
2004 06—19 19 2600—2800 40 0.665 3000
2005 06—16 15 3000—3300 40 0.6467 3300
2006 06—10 23 3500—3700 40 0.6011 3500
2007 06—19 18 2600—4000 40 0.288 3630
2007 07—29 9 2200—3000 40 0.0003 3700
2008 06—19 14 2600—4000 40 0.2007 3810
2009 06—19 20 2600—4000 40 0.3429 3880
2010 06—19 19 2600—4000 40 0.242 4000
2010 07—24 10 2600—3000 40 0.101 4000
2010 08—11 10 2600—3000 40 0.118 4000
2011 06—19 18 2600—4000 40 0.134 4000

1.5 Bdegit5ar
FIH Excel 2007 X 5 4x J& Al LA SORLEE £ 471155, Origin 8.0 AR {440 2 43 J@ Al 42 i DL SO fE AR AR
RS B HEATAE R 32 Aregis 10.3 BP0 85 45 IR 4 5 FURE B2 50000 17 50 B & 4 (., ) F SPSS 19.0 4k
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Fig.2 Distribution of the grain size in surface sediments
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H T RO 6 FhEE & J@ A As AYSF- 2 PRIV AE AR 25 UG 5 B AR R B Cd>As>Ni>Pb>Cu>Cr>
Zn, BR Cd F1 As b, B ESRAETA SO0 Er HE/NT 40( B 4) RS KESSFHN R, 8 Cd MiF ,62.
96% 1)t 3 Ja8 8 it A A5 XU S5 20, 22.22 % (R il v T T A5 S5 9, 7. 41 % 118 3 67 J8 5 S5 9, 3.70% 1 il o J& 54 o 5
K BA 3.70% A BRSNS Z AL, As TE 70.4% 85 A FELERE R AR 75 XU | 29.6% 4 b v A7 AR 4 4
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Fig.3 Distribution of heavy metal and As concentrations in surface sediments
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TFA T As 258 D) 52 B SE /NS S ik 3 )2 2 2012 AR BIE/K YD TRESEHE AR5 As &34 n v i
(#4), —JH, WA Cr Ni Cu Zn Fl Pb (735 3 S R AR 34 J R n] R AR 2 1 5, JRK R v TR 1 52
JREANAS A A5 T 30 ] 8 TORR A A BE AL, 1 L EC X 0T 10 30T LR ks B AL A IR AT S i ) AR5
o1, NI Cu . Zn I Pb & 2 SRR & B34 A B 38 a8 0 3 1EAH G (P<0.01 5% P<0.05) (R 5) , Ul BRRL & i =
Ni Cu.Zn Fl Pb &gt I Z 0R8R . B WF5E 2 W, IR /K VR V0 ol 45 2 R el AU A TR 0k B PR 1996—
2002 HSEE 17.5 pum 92 25.5 um 2o A5 200 BT LATRIZK R VD 5206 =22 BT, 2T 38 LA K 1 DURR R AR B8 4, B
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Fig.4 Individual potential ecological risk index(E.) and potential ecological risk index(RI) of heavy metals and As in surface sediments of

the Yellow River estuary and inshore
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ghdy TR B K AR P AU Y Cu Zn FIPh B OB S R AR S — O AR R A S A
Cr Ni,Cu Zn 1 Pb (200K ) 1 ) e Vg DOAR i A5 AR O ICOURR I v & AR, 5eim , RK IR T 3 2 ffi il
PRA ] Y73 A6 B, K SR 22 | ARG R TR, T DR LA B YR it 7 A0 320 e 4 1ol EB?UXE%HHEEMF'EP Cr . Ni,
Cu.Zn F1 Ph B & B, W2 HA b i) A J5 2 S 800 1 R DU X Be i 4 @ S ik, 5 — i,
18 8 2004—2006 4 Cr,Cu H1 Pb & SEAHAT S ey 2 K . 5 2004 4240 H, 2006 @Eﬁ&ﬂ H 4 i AT
WHINT 1.29 5 (& 5) , B 4@ AR A3 IS DR A E 4 S RS i Wi AE 2011 4F 6 H ¥
3 19-3 ¥ b 28 & BRI FAE T BEE 3 AL 2011 4E Cr Cu A1 Ph A5 F 45 2010 434 e A S5t (14 o 32 B 0 SR PR 2 —
BV T A R BOE AR 2 2011 4F 8 ), Tha vl AR A 6200 km? [ iE 7K V5 e, Hiv ) 45 DU 2K K T R AR
870 km>!®) | HR#EY \Chukwu]mdum *HHTH@IW‘%}\EH%%%,E{E'# %A Zn Pb Cu.Cd Ni Hg. As Fl
Cr 558 WA HE 42 8 | I VR I 1) DLk i 2 S M VS 300 A B A It A VAT 10 30 DX 3, - 0 4 W o o o o
PR, FE 2011 4F Cr Cu A1 Pb By 4 2010 AEHG IR B S Ak o, Bl P8 /K8 V0 i St , i) 1 3%
JZULEWIH Cr Ni Cu . Zn Fl Pb AY-F-35 & 24 5L Ik sh AR 3

AR LI, SRV Z RiAH G, Cd a3 (ARG IRE/ N, B R — 7 i, Aol A e A7
FEREM Cd, B NN 2058 R B, K 76 A BRI Re % 1 i+ 1 8 48 U HUE: Cd i BRA, XIp 4 483l i 26
GREOEIS VL VAR 620 -2 Wi ) PO 7 o vz A O e ) | I W SRR €3 1 e B 4
Fb 45 50 AFFiR AR ) L HE R A [ — b SR A2 Y 58 A~ 1 4E, & B F G FHBEAL G , 3 BRIZ S Cd S o.
39 mg/kg b TF% 0.85 mg/kg, CaCLRHA Cd S &M 0.02 mg/kg ETFE 0.11 mg/kg ™, 1B = MM A
B, H F R A /N Sy 32 Dok R R Bk R ™ e R 0 U B IR, 2012 A5 B IRT — A WA
FRBAEAE A 8.9t T 44T 1) T /K 1 V0 2 A St sF [0 PAY 1) 3 i A K B AR IR K IR ZKORE T = N 5 Cd 4o
WA, AR FORR, 1 8T R Z DU Cd S i s, meah, I B oE R W B — A Y
) Cd FEZR [ A G S i B R ZINRITE K VD TR A IR K, X6 38 T = 1 N v 1 1+ 18 o
Grl@ i, UHUE Cd SRR mAR R s IR YA DXt P R A, — 2L EE 42 J@ (Cd L Cr AT Zn 55) BERS BY
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B E A, 75— L2011 4F 6 H 3K 19-3 1 LR &AM I F S i 2011 4F 2 5 Cd & EHA
K.

TR As SRR FBRA A LGS, il 2011 4 Z R HOE R TR g As 48K
TRV T FHARUR 2 PR VD R 2 S , R AR B YR VD T R AR AR, LR ARG T A Bk
TR MR Jeth EE LA AREE N N2 As KBS T ESRIS T 558 o R A LB KAR B
DAHAEGURRY) B & 5 E 2011 AEZ AT 2/MERE ISR, 52,2012 4F As & 85858 2R3, H 32 2
I S 1 T 2011 4F 6 H 3% 3K 19-3 1 b a4, ey itk i Ay Jim vl e 2 S ) T 36 B4 A 3 2 A B80T 11 3 V6
X3k, I U W BT IO R TR Dtk i AN (S AR ) h S B AR B s B B2 S BOK A Y
FET, HEI S B TR T A MU S BN, N2 As 5 & A S A DL SR Ak 22 TR R 0T I 53K
DRI As 2 S Hg iR e 5,

*4 ANOREEREABYFHESEM As 8= (mg/kg)

Table 4 Heavy metals and As concentrations in surface sediments of the Yellow River estuary and inshore

X 15 BT
X i Cd Cr Ni Cu 7Zn Pbh As %Y@(
Region References
AT T (80 4FAL T

T ( ) L) 0.11 — — 10.87 35.44 6.80 — A 1994121
Yellow River estuary
AT 1 (2002

" (, ) — 63.7 71.3 21.5 71.3 21.6 — E#t,20020
Yellow River estuary
AT 1 (2004 N

T ( ) ) 0.16 23.5 — 21.9 36.8 15.0 12.6 X3k 2008122
Yellow River estuary
Y[ 1 (2006

T ( ) F) 0.16 30.95 — 24.81 33.08 18.62 9.63 B A, 201304
Yellow River estuary
I (2010

T ( ) ) — 17.4 — 16.5 21.0 16.0 6.5 2t ,20130%]
Yellow River estuary
] 1 MG (2012 o
il &L@( ) 3.1 33.6 14.7 10.4 33.6 11.6 90.8 BN
Yellow River estuary and offshore
S S RERIERR ALY

. [24]

Shallow sea sediments of China 0.065 ol 24 15 65 20 77 B, 1992
£ He 5
AR 0.095 59.00 27.80 21.10 64.50 21.60 10.70

Background value of loess parent material

32 ERFUIRYESIRM As 5 A ] A RHIE

ABIFSE R E I R R B UURR Y T Ni Cu F1Ph 55 B (A 85 52 30 30 0T 1 3 7 2 3 YT IR 19 5[] 43
AREIE, FE R AT REA =07 — 2 S VU ROR LU OC . DURRIRLZEA | Xof 5 43 Ja O B L 255 fig
I PR, S ORI 10 o 45 SR 2 A g, S AR T AR S e R AR TR R L A
i, B S iR AR AR, H i Cu R Ph 28 (8] 73 A SR AL 25 i A 2 (8] A2 f HA B A — b (1 2) . =5 NiCu FI
Pb [ BUESGBA R, EIEF P EMTAR I, Zn EERISREK G FMWEE S, Cu FE S HHURLE A58k
HoKEAMMEE G EH G, Pb TR SHEK G YA LS EFIREL A5 5856 . 1T Ni Cu 1 Pb Hy0]
S8ER K G RN BEEE I E DO RS MR X T RE R B A A A TR, =
s pH (EA K, JUBRWIH Y pH (2 AR TR EK , RO 1 i A T S 2500 R K pH [EA9FEAK, pH HYS
Zn Cu Fl Ph 2 i 2 HAHE (P<0.01) P H T8I 36 R BEIRAK AR, (459 11 X pH AR %A, T
AT BT, A2 BITR K B0 /) | pHL(ERH OGS U8 e, T3kt 2 250 Ni L Cu A Ph & 8 73 ) 1 XA, T
T ] 1 XA 2R A
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Table 5 Correlation coefficients between heavy metals and As and grain size in surface sediments of the Yellow River estuary and inshore

mr cd Cr Ni Cu In Ph As tﬁjy o o
cd 1

Cr 0.552* 1

Ni 0.000 0.339 1

Cu -0.227  -0.151 0.808** 1

Zn -0.258  -0.413 0.383 0.632" 1

Pb -0.028 0.087 0.807"*  0.934**  0.444 1

As -0.358 0.230 0.168  -0.025  -0.414 0.003 1

HikL Clay -0.163 -0.250 0.744**  0.929**  0.568* 0.871** -0.124 1

kL Slit -0.574*  -0.588* 0.471 0.666"*  0.656**  0.381 0.099 0.652** 1

ki Sand 0.462 0.507  -0.0624* -0.832* -0.681*  0.612* -0.019  -0.851* -0.953* 1

s . fE 0.01 KFECBUM) 1 BEFIDE; « . 76 0.05 /KB |- 5 E A5

AW EN, Cr BB X AL T HE 15 1996 4F 2 B (434 7K Y8 7] 1 22 [v] f) 30 15 X, D PRI T g
FET — 5, BT X dskAh T B0 B R) AVAE 112 A T I R 33 7K 70 2 1 A Tl 8 22 ) ) /N RV 5 00 52K Bl
BRI AR N8/ 0N | ELIZIX I KRB AT AR, TNz Cr ZE TR th BL A Rl A Ry R P, iE RS BE Sy e sg ) |
2 A B 1] SRR AT XS U AR T i Cr B d e, 1B XSk Tk 8h Jp 3, Cr & i imAIR, 5 — 07
1, AT e SRR EE A G, MIOE T 61, Cr SRR & 52 B 5 PR U OE (P<0.05) B i & i A%, Cr &5
W, IR . B TR IORR Y AR S B (18] 2) T HE XU R B s AR, F S B0
B Cr 2B s , M H B XA Cr AR m A, S0 Zn & 010 AN Z W nl fE S UTRUIRLE A7 56, MM
T Zn & SRR AR W M IE ARG (P<0.01) , SRTRLE B EPEIEA X (P<0.05) o ASBFSE T, Bk & i 1)
P B IX A T 5 DX A AR AL T R oo (L DX A2 1 300 B ] 11 A, 30 S B3G ] 1 KR 5 IX AR 5 1 ) Zn 5 2
. A Cd FE A R R B2 HOR AL A A 56 MR 9 Cd F 2k | M T
HARTRAIGEA Cd 2 AT RASAAAEDS, Hak 34 Cd Kol Sk pifesal , JEAF7, WOk Y Cd 25 90% 1T
FUFBEEE , 29 10% 855 B R RDTB R ok Y LR I BRI 7 OB T ) Cd & B e g Ky 0 (&
BT 1) FEZE 85 A 11 X (ARG T 1)) 34 s R DX, T A 3 A 1 DX (P b Ty ) ) DA Rz 638 /K YA ] 11 g
W R T ¥ 2IE X, EIE A T, R B mAR Aok As s R L2, HR TR AN As £
BEDUFOR S A TE FLX SO ORI S As 26 KR eI K IR A 1 R rh U I 5 4 1100 1130 8 0 S ) U AR ) o, i
DI X As S, AR, As 7838 JRPREE FAS SR K 3 J1 508 B S AR0F o8 X il v 3 Ak T
TR K SR Ak K s F1 45, UTRR ) B As ALam aod Fa PRt ALK A H B i JRUAR AR, (H
T I XA 90 1 30 T R As V55, BT DL S 30 As S BERS T 5 1 P IX 3, 7K 3 7 b AR 3 A i
5 JEARGUREEME IS DA R Y As 538 i BRI A BB KR N2 75 Ye Wi sl e, A B W B e TR
b DU A As B SR 10 BT RGO AR B As B, Iz it IX ke 25
W, K3 155, R TTEI T ) As 33 PR IEA_ BRI S BOZ IR As SR,

3.3 TRV E SR TS YR T

4 A A TR R DR AR 1 BGR R I RURR h  BE S A RIE R G R 2 — BT R B
RV A LT3N 7 5 B 22 18], AR A s T A7 B AT AE I A A btk T 4R SR TR R
R M, AU BRI, A N RIE , ANMUA MR A2 3 B A A i HES s ik Aiis Al
FEAEIRBITT R A BOK P FR 5 S A Tl R B R 5 Y M A TR R A (T 5 ) ™ i ot 8] 11 30 R OB v
& )& T i1 Pearson AHOCAMHT &I, Ni ,Cu Al Pb Z [H] 34 5 I 25 TEAH G (P<0.01) , R IIX = Fhou R Al s A A
R (R 5) ;Zn F1 Pb Z AR S 3 IEAH G (P<0.01) , B — W m] B8 A AHRDE R ; Cd  Cr T As 5 H
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Fig.5 Loadings of heavy metals and As of the Yellow River every years ( China ocean information network ) [*?!

Rt Ar T B R R ORI T 4R AR IR, SR FH 2 00 o BTk AT IR AT . RS B, = A B

S Bt 2 TR N 82.235% , 43 MR BT 22 1Y 46.035% .23.299% F1 12.901% (% 6) . Ni.Cu.Zn F1 Pb
7E PCl BB R IR AT (£ 6) , UL e 48 v] BE HA AR IE . 2R R Ph [ ZB Ei R &
BAEATBRRMR P R W) R B e 3R Ph A R BRUR I S SE T o A M i B R 2R A AR
i Cu F Ni 5 S A AR (TPHs ) sl b -85 B UIAROC X 7 — e AR B L BB T P b i 4 Jm AR v] fig 57 T O F
REAMIG YA K, I, 7T LA PCLACEE S = AN A7 i % A BRI BE DL B 17 P R 1 5 &
TGYLIR, Cd Cr Fl As 78 PC2 b BR300 B9 IR 2oy, U6 W] = 35 7770 2 FIARLAG SR TR, 3 551 37 g 7 XoF 3 3] 11990
Ry rf = F AR S RO AT 45 R — 30, AR A S5 e B AR TR ) RO 52 TR 38 1, B SRR 4546 Cd
SR FRERE  MARIES R Cr B FEAFIEA, I Cr o0 B2k { RARRE R U5, HAe iR h A ]
IRHIRIE TR RS S EY MRt SS Y ) TR As ST RN E FER A A R ARG,
Zhang 35 1 19 {40 40 4EAR LI SRV P 1Y As 258 3K PR T% 80 (1 5% 0 1 A2 B i A8 4k, H
W As S EEZ A ARl 22K R0 g th R, SR VD AR B A As A (Lh— ki —
i) , B Y As 8 RFRARIE T AR, H B 2R TR L ik . 348 2003—2013 4F i [ Mg BB BT e 8
WK 5) T ZAER S B RHE AT As 23 517 1, 4E 1 47 o, BARES B BE B4 IR G IR R 277 1k
T As BRI RAT As 1 FERTE TR IUCREL IR T As 3 A T ERUK AR S 7 0 TR Y R
Yl TRV A BB As B0 HURTFFE R As ISR IE—E43 5 Cr 2580, 3280 RAR B ORI, 754 /)

—EBA IR T AR HETG iz 2011 45 6 H#E3€ 19-3 Wil Fin] e 2 Hrp i R 22— HIk, PC2 fR 3%
BRI ARSI N ARG MR A5, BAN, Cd 18 PC3 BB IE 20, A0 Cd [ H SRSk IR
AhERTRER AR, HFBh IR T s Y T B A TR T K B B Tl AR I Bl b BB E ) {5
FH 3 308 S U5 F R A P B RER A i A R b [l R ACHER S Cd 9IRS HL 598 11 DL R IE i AR S G 25 DA
5, R AT VR L A SR8 e LA B fe P e Y il ST S Cd A EE R IR T S Ah, 2011 4F 6 H3%3€ 19-3 Hiiih
HATRE R Cd M5k IEZ —, BT PC3 AR AT RE SR AR 16 15 /K ARG 3h A Tolk I ANAA T L K
UGS S E A5y, AT b, B 0 R DU o R AR SRS DL Cd F As Hud g, HLE
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Table 6 Results of principal component analysis for heavy metal and As sources
F FEEE it E e % F A4 Principal component
Principal Characteristic Contribution Cumulative Felement
component value rate/ % contribution rate/% PC1 PC2 PC3
1 3.222 46.035 46.035 Cd -0.195 0.537 0.702
2 1.631 23.299 69.334 Cr 0.088 0.845 0.067
3 0.903 12.901 82.235 Ni 0.884 0.318 -0.041
4 0.699 9.989 92.225 Cu 0.975 -0.016 -0.037
5 0.342 4.880 97.105 Zn 0.741 -0.398 0.149
6 0.190 2.715 99.820 Pb 0.923 0.195 -0.040
7 0.013 0.180 100.00 As -0.211 0.575 -0.616
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