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Abstract: Large amounts of waste consisting of heavy metal-containing seawater are discharged from coal-fired

power plants into adjacent seas daily, which is harmful to the ecosystem of the sea near the outfall. However, very
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few studies have been carried out on the ecological risk of these heavy metals. This study conducted a three-year
continuous monitoring to the average concentrations of heavy metals in the surface sediments of the sea located
near the outfall of a coal-fired power plant in Qingdao. The average concentrations of As, Cd, Cr, Cu, Hg, Pb and
Zn were 3.54,036,2622,18.04,0.04, 2437 and 4721 mg-kg™', respectively. In order to reduce the uncertainties
in the traditional risk assessment of heavy metals in surface sediment, this study combined Monte Carlo simulations
with sediment quality benchmarks (SQGs) and potential ecological risk index (PERI), respectively, to conduct the
ecological risk assessment. The results of SQGs showed that, during the four sampling times, risk degrees of Cu, Pb
and Cd were low with 50%, 65% and 80% probability, respectively; As, Cr, Hg, and Zn were also at the low risk
degree with more than 90% probability. The PERI results showed that, during the four sampling times, the risk de-
gree of Hg was moderate with 34.41%, 79.72%, 60.39% and 85.91% probability, respectively; the potential eco-
logical risk degree of the other six heavy metals were low with 100% probability. The combined ecological risk of
these seven heavy metals was at the low degree with more than 90% probability. In general, the heavy metal con-
tamination degree of sediment in the four monitoring times was low, indicating that the long-term discharge of des-
ulfurized seawater from coal-fired power plants did not cause heavy metal contamination in the surface sediments
near the outfall. Meanwhile, the results of this study revolved that the probabilistic approach combining Monte
Carlo simulation and traditional pollution index method can better characterize the ecological risk of heavy metals
and provide a detailed decision support for the risk mitigation of industrially polluted waters.

Keywords: heavy metals; sediments; ecological risk assessment; coal-fired power plant; Monte Carlo simulation

IEAE A, TR 1 DXCHE ST T Bk 8 22 1) B A
VK AR R G (SFGD) R MABE & L)1 ax Sy )|
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#(potential ecological risk index, PERI)™ > i 21
FEEL (1geo)!™ | & Rt F (EF)™! i5 44 /™ H 45 4
(CSDPVSEH R4 Ry H FH % 7%, Ranjbar Jafarabadi
2P R SQGs . PERI, CSI 45 10 Fh 5 B340 T U 40
10 NS e R Z DU T 13 MRS R B4
AU, b LT EF A PERI (1945 878 V Ni Hg
il Cd TG QuoKF  RE LR CH, Am, ik
T YRR A (U B ) BdlE 7 1
1B PRSFAEL(90% B 95 % 4357 H00) Fl e KRR 3145 K
o () — AP B OR AT A Al P27 kel W A
FE4R R — B B 1 i R BUE S RPN {5
SRR 7N DA 3 st IXUSS: 1) s A
TR . B, S8 [E R B FI R B O 4 Jm 1
{8 1] Monte Carlo #2481 J7 ¥ 5 12 Ak KUK PEAN v i A
ASPERUANG R PER 2 X P AL B A i ™ A=
K IFF G — LR BEAILESL b Hoal A 204 250
JRUBS: PET RS | A5 380 JXURS: AR AR 401, S s
RATFZMER,

SORJEE R T o S v bl 4 S R P — PR S A VR
s (HRYE T & SFGD Wiz 17550 & A 58 1 5
E B L I8 47 5 A J RS R A B, SR, B



545 4

AT B A T B FEARIRE R T RS 1 AT AT SR AR R DU RR ) o S AR S U T 145

THAb T O A I AR E R R 2, 3
HRy B 00 XU TP 285 2R BAT BOR BN s
BC AW IE E S 3 AR BRI WS T S SRR e ) HE
5 1 B TR+ As .Cd Cr . Cu . Hg .Pb Hl Zn
PO T 4 Jm 1Y 1K I 2 5 B, SR FH Monte
Carlo #AF AR5 SQGs #1 PERI AHZE & AOMER J5 2
VRO T HETS F RNV TR 4 R A AR AR X
WS, A ST REAE AR L T HE 11 BT v Sl ¥ 4
L R A 25 DX U 2 B (it T 22 (R B2 AR

1 ##l57 % (Materials and methods)
1.1 DU R A

ETT 5 JE M VS TSR AR e T TS 1 B ST i bk A i
B2 AN (K 1), FIHERUE#S 200 T 2012 4F
12 H 26 HA12013 456 H 21 HEREIIREL)Z
2 cm A MUTRRYNR A FE, KBk LK, A% &
MR A AR BISL IR =, BR A B RIS = G, B
T W 2 SE el i 160 H (96 pm) 1Y JE e b, SR )5
FERBE TG W 45 4 10 T e S A8 b AR E— 2543
Bro WA ARFFRAETIH T £ = M558 F 2011 4

12 A 23 HA2012 46 A 5 HXFiZHE AL RZE
TURRY) ) H 4 e Wl . L i B 5 R A 1
YISARMGEAA . 2011 4F 12 H 23 HRAE 4#35 07
FKAERNIRUIREA 2013 4F 6 H 21 H ARFE 1#F1 4#
S REBNTORIREAS . DUBUIAE R AR [T S0 56 %
&, B TR G TEN P TR T, I L 160 H
i, 2 Je S A AT
1.2 EEJESHT 5 R

BT IRE S 0.04 g B T Teflon 245, IMA
0.8 mL HNO,(V: V=1 : 1)1 0.8 mL HF, F-fi A
HCIO(V: V=1 :3)J5, B EEFAE Y 60 s, KI5 T
100 C T EEMMZET . FIIA 0.8 mL HNO,(V :

mL /) HF F1 HCIO, , % 3 & F & K&, 76 170 C
HEEE NI, BERZE T 2Z 5 FIMA 4 mL 4 mol-L™'
(1) HNO, , 7£ 170 CHEF A 4 h, feJ5 FH 3% (V
: V)HNO, Fi B IR R & 50 mL fI & =, inA
Rh-Re NHRIE, LA 1% (V : V)HNO, ZEHi B ZE 50 mL
LA S pr i i
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Fig. 1 Map of sampling stations near the outlet of the coal-fired power plant
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AR 5T MR N 26 [ B 28 W) AR 77 1 A B AR BTG
1 ICP-MS(Agilent 7500CX), #1 #E ¥ i Jy 4 FEAE 2
H Z 0 R IR G PR ER IR (5 1 5183-4688), 18T 1%
Ji¥k, &8 It% As . Cd . Cr.Cu Hg Pb il Zn fy 5
K R 23-51 4 0.2.,0.02,1.,0.2.,0.01 0.5 #1 2 mg -
kg™ T R R AL Y BRI TE 90% ~ 110% 3 ]
N, BB AR AR R AR T 22341 <10% .,

1.3 DLW HEEL (SQGS)

SQGs J7 1% & FE Tk S WU A Wy 3580 B340 e
Pt i 22 A B, )2 T I PR O vh s g
Wiy R F 202 Long 48P0 H% 5 30 10% Al
50% A7 A= WO 75 YW B S i) o DA R R
i {H (effect range low, ERL)F1%L N {8 FEl H {H (effect
range median, ERM), Bifi 5 MacDonald 5% X %F 1% 5
(ELASC TABRR,  H T —X BE R A 1) A I 800
7K~F-(threshold effect level, TEL)FIA] BE A& A= %L 7K
“F-(probable effect level, PEL), 2475 4<% nd 355k i
EEC(estimated environmental concentration)<ERL I,
TEL I}, B AN 25 3 206 A W RO, R AR XUR: 5 24
EEC>ERM &}, PEL I}, $5  H0f F WO,
JXUBS: ; 5 BEC {EAL T = Z IR A 15 G ) 5 3

BEPERON MRS AR 5 SOEE RN AR AH 2,
H A XU R4 B AR SEMEE LR 1,
1.4 B TEASEF 40 (PERI)

FeF KA A TS R G U E A T AR = T
1% , Hakanson 4% 7 PERI 51, &7 4540
e B 55 A A0 PRI AR, RN BRI I O 2R, XN
Yy 4 JE s YRR EA T IRAG . AR A
.

RI=Y E (1)
E=T.C 2)
G=G/C €))

A RICAZ R G B 2R G e S F A E,
) A FIREL T, N R
MR REL, G AR TS R, G WE AR
SAREE , G 4 Jm 1 TTRRYIS S, SKES
J B SRR IR SR 52 B3 i 4 0 (L, AR
RSH T ML gs B B E TR SR
HREMBEE Y R (R 2), T LIRS HHE, &
53 B VR A A 25 18 TR RO I B9 1 5 R E 3 b o DL
x3,

®1 THEEENARREEFNAYREEEE

Table 1 Different types of marine sediment quality guideline values for the seven heavy metals
(mg-kg™")

Hjifmls TEL PEL ERL ERM

il As 724 416 82 70

i cd 0.68 421 12 96

% Cr 523 160 81 370

4 Cu 18.7 108 34 270

K Heg 0.13 07 0.15 071

# Pb 302 112 46.7 218

B¥ Zn 124 271 150 410

T B 51 A SCHR[211; TEL #8511 A8 7K F ; PEL i 1] RE % AE 08 7K 3 ERL S50z ¥ AR (L s ERME 2 2007 11 Rl P L

Note:The data come from Reference [21]; TEL means threshold effect level; PEL means probable effect level; ERL means effect range low; ERM means

effect range median.

R2 RMNERRYHPESRREERSEZERSEMNE R

Table 2 The background values and toxic-response factors of heavy metals in sediments of Jiaozhou Bay

it ki % it K it} B
As Cd Cr Cu Hg Pb Zn
Cl/(mg-kg™") 7.5 0.66 58.16 6034 0.024 2626 7828
Tl 10 30 2 5 40 5 1

U G AR BTV SHE; T NS R A s i = 8

Note:C! means background values of heavy metals in sediments; 7' means toxic response factor for heavy metals.
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1.5 Monte Carlo F

A 57 K H Monte Carlo #5481 £ R 5 1% 4t 1Y
SQGs F1 PERI #H45 & BIMER I ik ¥ EA R 2 DT
E4ENAZS RS, Monte Carlo FEALIF; A & f A5 Y
B TV R S A ) SRR B (AN G VR A
AT AL 3 A A BEMLAS & 38 A
A BIRR B # J7  pAs BA  45 SR AR AR
A5 R log-normal log-logistic A1 Weibull 437 43
ST g A R 4 JE 0 W I S AT o A A AR
Kolmogorov-Smirnov £ 5 76 £ f L5 4 . P Bk 422
VT 1, LA ROR TR BK | log-logistic Y42
BRCREL T HoAth 2 Fhor A, BT log-logistic, iz
A4 Matlab v.9.3 (MathWorks Inc., Natick, Massa-
chusetts) W BB AL AT 10 TTIRAGBEALIAE . 28
JG R4S 4 SQGs il PERI 2, 15 2 it 2 1~ SQGs #5

2 Z55 (Results)
2.1 RZVIBYPEES RN G &

4 YR HE TS BB RV R B DO T As
Cd .Cr,Cu Hg Pb Fil Zn B B0 Bl 73 510 1.54 ~
733,008 ~0.72 .12.16 ~54.04 5.08 ~33.10.0.02 ~
0.08 837 ~35.91 #l14.58 ~85.01 mg-kg ™', FHjuk
FEAy 9N 3.54.0.36.26.22 . 18.04.0.04 . 24.37 Fl
4721 mg-kg™' . 7 FHEE AR 4 YOI )T vk 3
FF6 TR 3T 5 A5 1 (GB 18668—2002) 1)
—RBRUE(E . AWM A TR A SR 3R 4. HE
15 R I Q# ~ 11#5 D) TR Y h & 4 R
()P S48 B2 AR b0 s T HEAK 0 U0 A 13 15 A1
JREPH VXS B 1240, W 2012 4F 12 H 24 ~ 11#
Ui As,Cd.,Cr,Cu,Pb il Zn {34 4 i 43 51 Ky
425034 37512203 2690 F157.61 mg-kg™' , T

WEMEAIMER LA K EL AN RT AMER 04, R A B 1#9407A9 2.86 ,0.10,17.03 ,15.29 23.75 14031 mg-
42 JR IR A XU 7K P O ARE 48 55 B TR A A5 2 kg™, BT 1243850711 3.81 ,0.08 2334 8.58.16.01 Fl

x3 NMBYMPESEBEESEERENENEERES RinE
Table 3  Criteria for degrees of the ecological risk of heavy metal in sediments

EL G B T f R RI JE ZIHTEARERE
Range of Ef Risk degree of individual factor Range of RI Risk degree of multiple factors
Ei<40 % Low RI<150 B4 Low
40< E'<80 125 Moderate 150 <RI<300 14§ Moderate
80 < E'<160 i Considerable 300 <RI<600 # Considerable
160 < E!<320 K58 High RI=600 fR5% High
E'>320 M Extreme

1 B GRS FH A RUAZF GBS S AR S fE F AL

Note: E' means potential ecological risk index for a certain heavy metal; RI means the potential ecological risk index of heavy metals.

x4 BIHSOMEEERRENRNECERE
Table 4 Statistics of concentrations of the heavy metals in the marine surface

sediment near the outlet of the power plant

(mg-kg™")
FLE 2011.12% 2012.06% 2012.12 2013.06
Heavy I S AR Ja SEEME PR i SEIME AR Ja SEEME pRiEZE
metal Range Mean SD Range Mean SD Range Mean SD Range Mean SD

fifi As 323~733 499 150
f Cd 0.11 ~0.55 026 012
# Cr 1475 ~4278 2441 707
i Cu 535~3140 1893  6.70
K Hg 003~005 004 0008
# Pb 837~2509 1798 477
BEZn 2413 ~8501 5515 1584
TE:* FOR5| HCHR[B1];SD AR,

Note:* represents that the data come from Reference [31]; SD means standard deviation.

204 ~328 271 036
025~0.72 052 0.15
1576 ~3841 2325 641
643 ~1825 1387 392
0.03 ~0.06 0045 001
1746 ~3591 2576 553
1984 ~52.76 3584 9.77

333 ~504 421 0.54
0.08 ~0.68 031 0.19
2334 ~5404 3622 872
858 ~33.10 2081 86l
0.02 ~0.05 003  0.008
1503 ~3564 2591  6.70
4166 ~8349 5696 13.72

1.54 ~299 225 040
0.09 ~0.61 032 0.17
12.16 ~45.78 2030 10.02
508 ~25.71 1871 645
0.04 ~0.08 0054 0013
1348 ~33.71 2751 628
1458 ~63.81 4103 17.79
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50.53 mg-kg™', Hg A LA B
2.2 T Monte Carlo #4049 SQGs P45 5%

i Monte Carlo #4815 SQGs #1454, ] LIS %]
S W RO v T4 SQGs FRifEMHER, %5
I T 7 FPE SRR 4 Fl SQGs AR ifEAE Y EL AR A
KOS AL QR DL ERL/ERM 3% 6] 5 H S84
FIRRAER G ,4 U WEI 7 Fp 4 B 35 LA 90% LA 11
MRS AL FARAS: , PR LR 43 #3404 4 TEL/PEL 3X
XTER A R BRIEET T

AN [R] W 0 Bsf (8] R A, 2011 4 12 A Cu LU
49.91% 148k 25 Sy v 45 IXURS: , 49.99% 114 HE 23 47 1K XL

W, Hofth 6 Ff 54 & 29 2L 90% LA b A A R Ry K X

f:, 2012 4F 6 H Cd . Cu il Pb &b TR KUK O HER 53
W14 81.26% 84.60% Fl1 82.94% , kb T 4% XU i) 48k
RO HIHN 18.74% 1540% F1 17.06% , Hifth 4 FhE 4>
&L 99% LA L AHE A A TR XS . 2012 4F 12 H
Cu 1 Pb &b F & XU B (1) 48 3% 43 51 A 46.58% Al
74.39% , Ak F v S AU 19 HE 2R 4300l R 53.32% Al
25.60% , HiAth 5 FhE 4B HLL 90% L) F 2 Ab T
XU, 2013 4E 6 H |, Cu il Pb Ab T XU B HE R
I3 A 49 24% Fl1 64.22% , Ak T rp 25 JRURS: A9 48 R 43
5k 50.72% F135.77% , HoAth 5 FhEE 4 J@ ¥ LA 90%
DL AR R Ak TR

AN ) B 4 Ja 1) ) K 7R 4 RSN As (Cr \Hg

®5 7HESESM ERL 71 ERM iR
Table 5 Probabilities of exceeding ERL and ERM for the seven heavy metals

e I [
Heavy metal Sampling date TEL PEL ERL ERM

2011.12 7.77E-02 0 3.89E-02 0

fif 2012.06 0 0 0 0

As 2012.12 6.00E-04 0 120E-04 0

2013.06 0 0 0 0

2011.12 8 43E-03 0 5.70E-04 0

i 2012.06 1.87E-01 0 9.01E-03 0

Cd 2012.12 7.52E-02 4.10E-04 1.69E-02 0

2013.06 6.72E-02 2.60E-04 128E-02 0

2011.12 8.10E-04 0 2.07E-05 0

% 2012.06 1.63E-03 0 542E-05 0

Cr 2012.12 540E-02 0 2.00E-03 0

2013.06 524E-03 2.66E-05 5.80E-04 0

2011.12 5.00E-01 3.00E-04 545E-02 0

A 2012.06 1.54E-01 3.00E-05 6.10E-03 0
Cu 2012.12 534E-01 1.00E-03 9.72E-02 1.52E-05
2013.06 5.08E-01 4.00E-04 6.842E-02 2.00E-05

2011.12 120E-04 0 5.74E-05 0

*x 2012.06 390E-04 0 120E-04 0

Hg 2012.12 6.00E-05 0 197E-05 0

2013.06 5.00E-04 0 140E-04 0

2011.12 3.15E-02 1.00E-05 1.88E-03 0

gL 2012.06 1.71E-01 0 535E-03 0

Pb 2012.12 256E-01 3.71E-05 1.87E-02 0

2013.06 3.58E-01 321E-05 2.00E-02 0

2011.12 531E-03 0 1.56E-03 0

= 2012.06 3.30E-04 0 925E-05 0

Zn 2012.12 2.63E-03 1.00E-05 640E-04 0
2013.06 1.79E-02 121E-03 926E-03 330E-04

HEAVSE XL,

Note: The meanings of symbols are the same as those in Table 1.
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A1 Zn ¥JLL 90% LA b (A 3 b F AR XU . Cd BR
2012 5 6 H DL 18.74% A Ak F v 45 U A1, H
il 3 BILL 90% LA b A HER AL AR . Cu 4 Ik
AT Ab T v A XU R ABE 232 03 3311 R 49.91% ,15.40%
53.32% Fi150.72% , Pb 4 VM Ak v 45 XU i HiE
TR 3.15% 17.06% 25.60% A1 35.77% , BIK
2011 4E 12 A Cu B3 H7 1893 mg-kg ™, WK
FH TEL(18.7 mg-kg™"), 4bF P &5 XU , (B HAB A
49.99% FIHE A0 TR . 2012 4F 12 A Cu B9°F
Pk 2081 mg-kg™', I TEL(18.7 mg-kg )Y
111 A% b T A 4 XURS:  (H AT A 46.58% HYHEAR Ky
B JRUBS: , 7] UL i Monte Carlo #4115 SQGs #HZ5 &
REAS A 2 TR A 25 5

SRR PE, 4 WS As . Cr Hg 1 Zn ¥ AKX
K, Cd Lk 80% LA b HE R AL TR XU, Pb DL 65%
PAF B HE SR A TR XU, Cu A 3 LK 24 50% 1)
WERAD T 8 XU 7 FEE 4 Ja X B HE TS 1B
T TS R B BN R/ 24 Cu>Pb>Cd>As
~Cr=Hg~7n,
2.3  }:T Monte Carlo #38L1% PERI PEH 45

K FH Monte Carlo #% {5 PERI AH %5 & 09 7y

2011.12
17 . !
f —— i AS
| — i Cd |
g‘ 0.8 — i Cr
j_g —— il Cu
< 06 WAl e ks
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B2 o W <
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§ 02|, . /
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WA E R
E
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2040 ‘
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Fig. 2

Jrid, WA B4 4 R A S FE R AU(E) I B
R ML (] 2), LA K I T A g XU 80001 1) B 3%
(#6),

4 WS As Cr.Cu . Pb Fl Zn (¥ 7E 4 16
FEILL100% MY HEZ 0 B =R B, 4 I Cd Yy
ARG EIILL 90% UL T i HE R B B &
Hg A 3 YW A9 7 008 76 A= 518 S h S R
HAE T e SRR B AR 20 31l 79.72% .60.39% Fil
85.91% ,2013 4F 6 A Hg LA 64.68% HIHE R N3 15
ERB,

2011 4 12 H ,2012 4 6 H 2012 4F 12 H Al
2013 4F 6 H LA S EIRBRD 514 86.10
110.32 .85.89 Fl 115.33, ¥J <150 (4% {0 A% BE 1Y 1 BR
H), )8 T fa FE R, Monte Carlo £ 48145 IR ik
7,4 U I DT Wy Hh A e ) 2R A A A S L
90% LA I BMEE R B iR B (81 3),

SRSRVE, 4 Y WA Y o B A R S YRR
YA, SQGs ik Cu,Cd 1 Pb i5 YL 2 B AH X
3K, PERI kbR R He 0975 YL i i e i,
HE Z5(2012.06 A1 2013.06) 5 4 & Y 75 YL e 1 2L
T4 Z2(2011.12 F12012.12),

2012.06

1rF
i — il AS
i —4Cd |
? 0.8 I —ff& Cr
E i — i Cu
g i A H
85 0.6 ; WG < ]
% % v XU Considerable risk FEZN
i}? % 0.4} Maderate l‘ls;
E
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0 — . |
0 50 100 150 20C
WS EREEL
E
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i — i Cd
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= N
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B 04 i
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Cumulative probability curves of potential ecological risk factor (E) for individual heavy metal
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Table 6 Ecological risk of each heavy metal derived from both average estimation and probabilistic estimation
R AT Monte Carlo AU T4~ KU SO H AR
1] L Estimation of mean value Probability of each risk degree estimated by Monte Carlo simulation
Sampling Heavy —
date metal THE A3 /% % /% R/ % /%
Mean value of E! Risk degree Low/% Moderate/%  Considerable/% High/% Extreme/%

As 644 Low 100 0 0 0 0
Cd 11.89 Low 99.69 031 0 0 0
Cr 0.84 Low 100 0 0 0 0

2011.12 Cu 1.57 Low 100 0 0 0 0
Hg 6123 Moderate 5.89 79.72 1420 0.18 0.01
Pb 342 Low 100 0 0 0 0
Zn 0.70 Low 100 0 0 0 0
As 349 Low 100 0 0 0 0
Cd 23.76 Low 9493 496 0.11 0 0
Cr 0.80 Low 100 0 0 0 0

2012.06 Cu 1.15 Low 100 0 0 0 0
Hg 75.76 Moderate 1.01 60.39 38.26 034 0
Pb 491 Low 100 0 0 0 0
Zn 046 Low 100 0 0 0 0
As 543 Low 100 0 0 0 0
Cd 1425 Low 96.09 329 053 0.07 0.02
Cr 125 Low 100 0 0 0 0

2012.12 Cu 1.72 Low 100 0 0 0 0
Hg 57.58 Moderate 729 8591 6.77 0.03 0
Pb 493 Low 100 0 0 0 0
Zn 0.73 Low 100 0 0 0 0
As 291 Low 100 0 0 0 0
Cd 1441 Low 96.72 2.84 038 0.05 0.01
Cr 0.70 Low 100 0 0 0 0

2013.06 Cu 1.55 Low 100 0 0 0 0
Hg 90.00 High 0.15 3441 64 .86 058 0
Pb 524 Low 100 0 0 0 0
Zn 052 Low 100 0 0 0 0

7 :As.Cd Cr.Cu Hg Pb fil Zn 5355 E 4 @0 45 B 4 5K T AIEE ; Low  Moderate Fl High 4351 28 7% UG 2 1 M B2 6 28 FIAR B

Note: As, Cd, Cr, Cu, Hg, Pb and Zn means arsenic, cadmium, chromium, copper, mercury, lead and zinc, respectively. Low, Moderate, and High indicate

that risk degree is low, moderate and very high, respectively.

3 1418 ( Discussion)

A5 1 30 3 2 U B 4 S 3R B 5 s M
VS LA B oAt 32 N T 35 i 5 R Sk Ay Xof LL G5 7
Jis o XTECAMT R B0, AR ST 4 R i 6 2 TR
H1 Cd ,Cr ,Cu ,Pb Fll Zn (V-390 BE ¥ T 2004 45
RS PH VS 114 - 247 i o BT | 28 BH R ¥ /K 174 K B K
HERCH S5 S 1 BT Vi S AR A Hh o 4 ) R,
AHHFE Cd Hg Fl Pb [1-F- 43k B 55 T 2009 4F M
VA BV M BREAIE TR 4 b ) 1 2 B BT B RS 4

LR R T RS ARIBIRD hg& &R, 2%
IRy, 28 1 s FOF- 258 4R 7 R IR N T8 3% 2
DU 8 4w 32 B4 A TE MV AR 2R R T
26 LT I DA R S itk BB e A5 1OV R FH 3% S 4L
ST T 2008 4E 11 HA12010 4E 11 A3 5
JRE VS TR ) & AR, & B Pb A Cr A7 75 B
WEE RMNERTESRIGAEER AR, &
¢ As Cd .Cu Hg . Pb 1 Zn (¥ B b T B ) ya] 1
BT VAR I B 2 B T TS 10 408 30T 9 3 IR — N B
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Fig. 3 Cumulative probability curves of comprehensive

potential ecological risk index (RI) of seven heavy metals

H RTRRE ) BB v K 5 4 R i oy B v
FHRAHELEMTN He TEMRSAKAEEA 9T
FE LA LA K AN TR JE 25 8 7K 3R 58 v (4 43 A Al
Liang 5™ F58 & BUMAE L) HETS BT S 32 2
DURRYh He B9 RS FEL R 0.055 ~0.201 mg-kg™',
SERE R 0126 mg-kg™, AAHIGE He WY 3 %
Ziti ., AWK PERI Jrikid B bt ik A T %
X Hg BRART 5 AH 0.024 mg-kg™ ' S 8H
WA RS fE EIRBU(E)TL R 57.58 ~90.00, 75 JFi
R THAE SR, A, PERI AL E T
HEEMIEEE 5ol , %8 T AR E, He i
THRA RN, CHEE S AR A A UK, H
BYERBCRA T A ES BT R P i mn 40, Li
LR b AR K0 A PERI 3254F 2009 4F 7 H i
WSR2V 8 Fh 48 15 Y e A S faF
PEAT TVEMY, 2 PUEE 4 s B AR U5 YL Fe J #54% , 15 Hg
TGt el AR AR —5, A, i TR
(2012.06 F12013.06)Hg FY 5 I v 3 2 Wi vy T 44 22
(2011.12 F12012.12), #F 1 S BH FE 4R LA 4E
BIEEFRBROUIG = T4, A5 4 W 5
JRIY RI BJ<150(F AR EE I LRI, & TR e R
FE . SRRy S AR AE S R PV AR AR A e HR B xT
2009 AFEBMNTEAR 7 22 VIR Y E 4 R i AR S fa i ot

1T VEMr, 23 Cd XU A S IR T A fE
HZEFRE | As Cr.Cu Pb Hl Zn B R4 N2
LA HEE R RIER<150, )8 TREGERE,

H R R XU R E 4 A S KU A 1
J7ik AL 45 SQGs A1 PERI, &R R FH W il 45 B 19 ~F- 44
1 PRSP (90% B 95% J3 o B0 5 e KAE K 3115 K
6 B — P B AR ST A AT S e ) A
FE45 R — A H I A 2 S BUE S SN P s
B ES PR A A, DT 5 A XU A s A s
HANAG . ABFIEH 2012 4E 12 A Cu (P4 E N
2081 mg-kg™', i H TEL(18.7 mg-kg " )A 1.11 £,
AbF A AR XU, {H 454 Monte Carlo #5480 & S HA A
46.58% ML AR . 2 LAY, Sawe 455 & 81
HH & JE 19 FLK I e As (Cd (Cr \Pb il Zn (9K i
L 99% HIHERALT SQGs Y5 L R AR , KUK 7]
20 {5 Cu H1A5 — 5 B 3 X 1 ) 11 5 XU
AN, AT 2012 4F 6 H Hg W9°F-¥ EL A6 R 75.76
ChHAERERE 1 FRAE 80 14 0.947 %), L & fa F
A4 {HH Monte Carlo #5119 4% 52 vl 15 HA A
38.26% MMERAL T50 fE FEREE , Qu ZEPVHE HH HAK
B VLR L () 735 RI B =5 T 1= /5 72 B (high
risk) A9 _F- FRAE 600 (451 2 1.08 £5 401 1.17 %), 40 F
B G EREE  {H Monte Carlo #0125 R W8 HADE
43.3% Fi1 47.1% AL A0 T4 5 16 5 4 FE (consider-
able risk), Li %45 H S ML VG ES He 19734
E! 72024 Ch AR FRRAE 40 19 0.51 £%), 0
Monte Carlo ## i 7= /54 — & I 2%(0.03% )b F
AR fEEREE AT W H RS E S TP, AT RS
Al o KA 4 R B SRS, R T Monte
Carlo B S5 G Eh Jr vE R4S G BERS A S AKX
B PR BB E M, R 75 YLK ST AR ) 4 S UGS
BRI RN S S i

R TG RR I R )RR A a5 75 YL TR A 2 R T
Yr EE I T H ) E I A AR AR AR 5T, B/ e
JIE AT I MR R W™ I LA R K
TSR SN 7 ZEAUE R B A
W25, A A B —E AT E Y,
AAFGORE AR K T 23817 10 4F )5, 4% 3 AR IR
S AT S Ay B 05 2 R B BE T A b R A 4 )
HE I HETS 171 BT v 35 4 K 300 28 25 KU . SQGs Ml
PERI J77E¥ R 4 WA 9 v 5 45 J8 15 e e
VR b, 2R IR AR HL ) B A 98 K 8 R I HE O A
T RS D B R 2 VIR R A R A5 Y, BR
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4B AN, WA K H ) H At 4 AE R S Y ) pH
(H").SO,* ik & 45 m] e % HE ¥ 141 B 3 Vg 1l s o
AR Rt 5 R AL v K HE IOV v A S A 05
(ILEA AR, AR 9 0 AR 5 8 A 1 HEVS 11 B 30 96 35K
() DR TE S A (RIS R B ), ek BT Wi R ) 4
1193 Ffr, Horhfik st 78 s RIESh ) 58 A, Hrp A5 ik

SN G 25 B 27 R 17 B A B
P8 17 128 M, HAP 3R 3hH1] 69 F, #HE Shan-
non-Wiener Z £ 5 B Pielou 3414 B 5 555" HE
15 F BRI IR A5 R AR W) 2 R o VR S5 R A
FoRE , 2 I JBEAR VA /K HE TR X A W B v 4 4 A 9
ZREE S B AR
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Table 7 Mean concentrations of heavy metals found in sediment near the outlet of the power plant

compared to the reported average concentrations for other impacted coastal systems

(mg-kg™)
HIX fif b % kil K ity B 27 R
Area As Cd Cr Cu Hg Pb Zn Reference
R W5
. S . 3.54 036 2622 18.04 0.04 2437 4721 z]g
Jiaozhou Bay, China This study
I JBE M v
. i ” . 11.15 0.059 22.14 1199 - 1031 311 [36]
Jiaozhou Bay, China
s I
. ” . - 0.055 - 19.05 0.031 12.7 51.14 [37]
Jiaozhou Bay, China
e 45
. "ERH . 1090 055 7740 3623 - 5294 16132 [38]
Jiaozhou Bay, China
HELE A
. . 88.25 4.11 - 116.60 0.56 104.65 1 008.75 [41]
Waulihe Estuary, China
S
8 ” . 217 059 82.0 714 040 67.70 179.6 [42]
Quanzhou Bay,China
RSl
" v . - 033 4893 118.68 0.19 53.56 14773 [47]
Hong Kong Coasts,China
1 £ 85
. nmm . . - 093 154.15 117.60 046 5523 31833 [48]
Kaohsiung Harbor, Taiwan, China
ERABAS s
I 20 057 28 272 0.70 221 602 [49]
Gulf of Naples, Italy
NN NE AR
o bk . - 0207 118 246 - 229 109 [50]
Ribeira Bay, Brazil
L ZE b L 7
"~ - 322 66 319 - 40 567 [50]

Sepetiba Bay, Brazil

BIEEEE N B ARE1987—), F W+, 05, ERAART S
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