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UURLY) E 42 T 1) 3 B8 R RE 0 R 2B 4 mT R I 5 AR DU i IR AP TR S B I A 560, T H AR
B A0 5 4 Jm XU PEAN B iU (Risk assessment code, RAC). RAAH 5 A A0 40 A LA 1 45 2R 28
IRV PP J7 76 1T DA 3 T 4 s 103 A2 6 0 K/IN S A T R MR 55, AT P A 5 4 X AR S B
B R fE 3 o g A fa R XU EA, AT AR R U] R R T TS Y IR B b B A B A 0 E AT R T
%, EMENIKE %57 5t 92 Z 4 & H FF Atawara 3] JCFR YY) o 5 42 J8 pE A7 £ BE XURS IEAR . 45 51 R
2AENHILEL T OH|EA As. Cd. Cr fl Ni 59 3E 20 KU ¥ # i % 2 FR{E . WOJCIECHOWSKA
AT S I 2% bR R A% T A DU R R 4 0 A AR B0 e B KU A3 R PR, R R Mok R R s A h
Cr 19 A S0 ft BREAUBS (B 0 vo , (HAR M e AR AT 42232 0 [l o LT 55600 7008 90 6 VT 3 336 J2 OB o
& BE, S4 F1 S5 3l &5 Pb X B A AL A5 vk 7 1 I 500 (g e XUBS: o 3 [ 4t B XUBS: 7 T 25 4
W, A7 5 A 3 B 4 i A B XU I 2 22 4 vh T K U R S A T = 90150 o T R A ) ke B KUK 3
Wi, DU 4 R MR IS R EAAE TR AR KA I ) ag SRS, XK
fEEE/N, & EEM N E SR S EIRPR TR, B 1 AU (E = T 5 B AU (B 4 4% Bl e T
Xof ST AR ) ) R R FE A T A S S AT g XU AL, B UL Ml S B AR v A R A AE Y
fil B XURG: o TR, B A 2 XU i B IXURS PEAN AR 45 4, DA 4 B AR R IR AE T 5 00 & B ik d . &
P B A T T 4 S T e 0 AR AS A A A A XU A AR B — A O BT A A e R Y
S 0T, W X R T 2 DO 4 e VS e AT AV

ARG AE B A T S N AT U AR SR A, E U AT R 2 TR R b AR 1 A
DI el 151 o7 TR = VR (I = s g ) AW 1 R AN A = I WA o i e I Y = RO W& .45 N (o
B, XFE TR TR A R A IR A R oA L AR KU Bt N R 4 R R AU R AT 2
BIEAG, S E R AR S B iR R A S

1 SEERERSY

1.1 HmEEMLLE

20204E 9 HZE 11 A, FEHEM TN
RE SN RZUVIBRWEER, 0 REE S 24
B TRl & R . RN TR A 5 AT A EOOR
GNRIEG R HARCRFE S A A an &
1FE7, SR AE A5 4% FROFD L B82S 36 1 BT o
Hop, UL~U4 67 F LUiE . M1~M6 i T H i
DI~D5 i F F il 2 DT 1% 15 18 R
Pf R, REWEY N 0~20 cm, FfiEF
J& M Wiz [l S g6 = AR A, BUE AR R T
o4 h EEE, HOFERBE L 150 H e Je i

0 100 200 400 600 800

%’HEJ ° HC N N W ST
12 ARMESRESRERBAZESSENE 1 EAFRRESMLENHE

B 0.25 g S FRAF R UTERY) 4 BRTTUAR Y 4 Fig. 1 Distribution of sampling points in Yellow River
A 0 3R B g AT RO A, I AT mainstream

A 1% (B 5080 MR B 2, - 0.22 pm R F I (Polyethersulfone, PES) 3 B i JiE J5 R . UTFR
4 A A WA R S 4R U ek 49 BCR J5 ik, 4R IBUB A 989 (F1) « b5k (F2) 4k
A (F3) . FRIEA (F4) 4 Fh . BRI BN 225 30k [18-20],

1) $IRAS (F1) o HU1.00 g #Efir, il 20 mL AR AR (0.11 mol-L™) , #&RHR% 16 h, #5.0> 10 min
(4000 rmin™) , HUCEW WM 1.5 mL A% HNO,, $E51J5 &% . 2) ATiE A (F2) o [ F1 5%
A 20 mL E R FE IO (H=1.5, Wk 0.5 mol-L ), §Ri% 16k, BLL . FERS IR FI. 3) 1Tk
25 (F3) o 1A F2 (9853 N 5 mL f9 30% (5 5400 BUAK (pH=2~3) , ¥ 1 hJ5 . 7E 85 C K4
P, FRUAIA S mL HY 30% (T 580 SUROK FEALLE 85 CKWRA&AF T, BUH A 1.0 mol-L™
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) £ TR B VW 25 mL (pH=2) , k7% 16 h, &
O, BERA TR Fl, 4)REA (F4) o RIUTH
W) 4w S A AL By ik — B, fi A
HF-HCIO, fi 3 18 ff o F 0 o 35 4 J& 1) 8 it
5 8T8 A T 1 4 50034 ok F L B A 45 B TR
JE A (ICP-MS) A5 I, 2R FH N A5 75 22 & 4%
Mo S0 A& vl K & D0 LY AR oE ) R
GBWO07309 (GSD-9) 1l 4= 2 Jit 1 ¥ il . BCR $2&
B IR AEE S i B2 M 5 U0 Y & 8 B
B AL, IR 80%~120%
1.3 FNh AL

1) F 4 J@ XU VF 4 A5 7 (Risk assessment
code, RAC) . 4 Jm XU - H b 1fE 45 55 R &
Fl AR RN ESL, AUTFNh E4EITRE
PERIAE Y ISR KN, RACHBK, EA
JE IR RS R R, AR TR, XURS {E
K RZ NS, RAC<1% i, PiFY) &
4@ XK B K 3 1%<RAC<10% K ,
KBS 3 11%<RAC<30% B , 25 X ;
31%<RAC<50% i}, &K ; RAC>50%, #h
e KU o

x1 RELSEMRSHEME

Table 1 Sample point name and geographical location

a5 REERAK HEE AR AR
Ul KGRk 35°56'13.22"N,103°20'51.06"E
U2 Gl 38°21'35.93"N,106°24'52.24"E
U3 VYN 40°18'34.88"N,107°1'49.9"E
U4 =g 40°31'52.55"N,109°5528.49"E
Ml PR 40°11'11.62"N,111°12'45.33"E
M2 it 39°21'10.27"N,111°10'57.27"E
M3 J[TEES 38°57'47.06"N,110°59'30.3"E
M4 K F 36°50’10.12"N,110°24'59.61"E
M5 XK 34°36/36.03"N,110°17'16.91"E
M6 LA 34°51'33.08"N,113°5'32.42"E
DI B TRER )3 34°54'21.41"N,114°16'19.67"E
D2 VR 36°43'31.8"N,116°59'18.74"E
D3 IEINEERE 37°2025.19"N,118°3'35.09"E
D4 JHER 37°36'17.5"N,118°31'48.51"E
D5 PNGANEES 37°45'35.42"N,119°9'53.51"E

2) WAHAH S AR AR A L AR o DURRM) T AR W Fk o SR A A, BRI ST R g sk 2, IR
WP RAL G P2 RSN KD AR AR, BIUARBTSE Fp B al RS HIRIE S TS5 ik s

FEEA M IR A (D) B

Msec
KRSP = — x 100% (1)

prim

b M A TUR A AR B 45 R BT i 0 8, mgkg s M, ORI AR AR 0 4 % o o e

30, mgkg'. HfH KRSP ] DL 6 R 1% b X
4B 75 Je Bk . KRSP<100%, JGi5 4t ;
100%< KRSP<200%, % & 15 4% ; 200% <
KRSP<300%, "Ei54; KRSP=300%, ¥
HYL

3) e B XU I 7 vk o AR 38 R R
% (U.S. Environmental Protection Agency, EPA)
ON AT A A XUBS: P AR A, X B AR
WYy T 4 8 AT R A S e MR B fE
HEAT A AR PEAL o K T A IR 43 R B0 IS G
Y (As. Cd, Cr, Ni) fHEEUE 539 (Cu,
V. Zn. Pb) . —MiNK, BURTE Y ES”
Az Al #os KU, woRE 9 Bl R 4 8 HEAT AR BUR
KB PEH, XF As, Cd, Cr, NiiX 4 &4 )8
AT R EH . IR ESE IR —
M AL WP R R R K A i 3
Kt AN, THEA XN A 2)~4),
Hodr ¢ AR B v 4 8 TR S
i, HRKSHMEWE 2. E4ENIESUE

®2 AFEERREIFNERSHC

Table 2 Parameters of human health risk assessment model

S8 PR iz i
A L

BW R kg 70 15
CF  fifEfbHF  kgmg! 10°° 107
IR, THEMRIRAE — mgd’ 100 200
IR, P I % mg-d”! 20 7.65
ED THERFEHFENT ] a 24 6
EF  TIEREME da’ 350 350
SA  BFEKKIER cm’ 5700 2 800
AF KRR 220 mg-em™-d! 7x10? 2x10™!
ABS BRI T Teim 4 1x107 11072
PEF  KAHEMHF m’ kg™ 1.36x10°° 1.36x107°

EDx365 EDX365
AT FHEF R d (ElET)) (€=

70x365 (BUE) 70x365 (BUE)




2436 ok L B ¥ W EEAVE S

gt S5 AU PEAL LA U 28 5K (5)~(6)

ADDy; = (CXIR, x CFx EFx ED)/(BW X AT) Q)
ADDjyp. = (CXxCFxXSAXAFx ABS XEFXED)/(BW x AT) 3)
ADDygy; = (C X IR, x EF X ED)/(BW x PET x AT) 4)

HQ = ADD/Rf}, (5)

HI= > HQ, = HQy + HQu: + HQupug (6)

i=1

KL RE,AFKELBEBHSHEH R, mg(kgd ', BESEWNEI TR, HQ ALK R, HI LK
JE B0 (e R KU B . 24 HQ<I 58 HI<1 B, e KU (A% /s 24 HQ>1 5k HI>1 B, A7 7 /= & iy 3k
B AU

#*3 E¢RSENESHERRATS 2D

Table 3 Reference values and carcinogenic slope factors of heavy metals

) Rf/(mg-(kg-d)™) CSF/(kg-(d'mg)™")

K 15213 Bk H 1523 Fe itk
As 3.00<10*  3.01x10*  1.23x10° 1.50 1.50x10' 3.66
cd 1.00x10°  1.00x10°  1.00x10° 1.8 630 3.80x10"!
Cr 3.00x10°  2.86x10°  6.00x10°  5.00x10"  4.20x10' 1.00x10°
Cu 400102 4.02x10%  1.20x10° / / /
Ni 200102 201x102  5.40x10° / 8.40x10"! /
Pb 350107 3.52x10°  5.25x107 / / /
Zn 3.00x10"  3.00x107  6.00x107 / / /
\% 5.00x107 / / / / /

T4 & 1 SO B XU PEAS A AR qn = (7) A (8) TR o
CR = ADD x CSF 7

TCR = Z ADD; x CSF, ®)

K CSFRKEBRMMSH G, HESHNE 3 Prn; CROZEE SR B0 XK AR ; TCR &
S O (R R, 2 3 R AR Hom KB ME R Z . DL EPA 4 th B9 AR 232 7KF 107°~107 b
i, 2 CR<10° M, HU@XUE A 20, 5 CR>107* I, 77 7e%ess i al o KU .

2 ZFER5TR

21 ARMGPELRBEESHESNHIFE

W RZRBICEY P AR ESBH R ESRAESEN AWK 2 R, Hd, 5HRES
(F1) . AT (F2) AN AT AL (F3) B4l 4r 2 nT 42 0y, Wk vl RIS, BA —E Ml 7E X
Ko $ZBEFL, F2. F3 MR, ASRIGEAFIEZS A9 RS vE A A= 90l R FH PRS2 s, F1XFAN AR B AR
i R HURPY, BRI (F4) EE R ARE, — B THELLIE TR e, AW nl R85,

DURH Cd 19 FLAT F2 SR IUE 7 eA R, SF3(E 5 51 R 25.2% F#116.98%, i 5 2008 4F # ] 7K
R UL JE A 25 AR, Be gk, S FEER KyTym) (R0 fE ey MO S i S 3R 2 TR R Cd iRl
FIHASSEEH®RE. CdRESEAE SN TREW MK E TR EE, FHREHECH 0.24
mg-kg ', UL AR UE TR A 5 5 B8 - (R 5 A 0.11, 0.13 Fi1 0.06 mg-kg ', AT H
AR BOEY & N B F Bk, 78 M6 sk B i KA 40 H 82.81%, D2, M2 fifi Al
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Fig. 2 Distribution of total content and existing form of heavy metals in surface sediments of the Yellow River

FIRZS b7 BB &, 5000k 79.65% F 75.6%. iX v RE S5 A lb . il L A 7 T Mk B8 32 38 15 Y A
KBTI R AP R 5 YR Ak, K R Cd B L 2 ) W AE DO RR A 0 A NIRRT, 5 Al Ca”ty
Mg> 35 B F R AR ON, DA FIRR R £ T B8 4 J8 45 & 7).

BT Cdih, HABESBEAEREESHLRESF4 HF . Cr. V. Ni i85 & H 4591 304.07
mg-kg', 48542 mg'kg!. 51.02 mgkg, WRAFIE A P4 5 b &, AR RSP 305 H
55 98.8% . 97.02% F1 94.15%. AT F| HZA & & W FMES R B e R T R e, "TRHA S T
B RAE RS S), HIHE M6 Ab iR B K i tb, 2308 3.52% . 9.4% F1 13.39%

Pb. Zn. Cu. Co I F4 V-1 ,5 LN 78.07%~91.41%, Tl F AL F2 &8 & . Pb S5 70 5
TE M3 i 7 38 B o KAA (44.67 mgkg ), %S00 o] IS 5 e Ak (7.79%) o FE A it %) ml 1) 257
Y5 43 80 (8.62 mg-kg ") IR & T LA R UiEHL X (4.76 F11 3.68 mg-kg ), WA 5 HLAE M6 #
D73k 3 e KA 66.16% (F2 15 HLik 41.28%) , 15000 Pb S i B 3 (41.18 mgkg "), HiA A
PRI F A /N TR, Po By F2 85 5 LB il RB 5 B i3k pH 80, IRIRES B T2 A X,
MR Pb 5 [ {4 3% 1 28 7 A7 45 A V8 P, e Bp B U0 i AR vt A 2R U HRGE . tBATRES
Ui PN 5% vty L DX Ak L A e 0 T R b DX R R B AL R R ML AR DGR Zn 9 R T AT BT MS 3R
B RAE 180.51 mg-kg ™', 7F b r it () ] I R A1 25 5 £ 0 8003 1) R 16.40 il 15.66 mgkg™, =T T
WX 1132 mg-kg™'c Zn (O] RIS E 50 L AE B liEoar i sy, SEEE N 14.96%, T iE o] F
BT BT, FH LT 2518%, Cufil Cof) FAZL S LB &, 70 % 4 90.56% Fi
91.51%, Cu YBT3 L T R g, #5806 myal LS sk, WAL 15%, Hoy
1 55 Co MRV &40 B0 b rh e e T R UE I, MS bk B (31.72 mgkg™) , AT
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AT RS 5 WA TR B A), ATRIHAS & TE M6 ik 21 i K AE (17.58%) -

As BT R e B R iE, fF D3 AR iA B mE 22.52 mg-kg !, A B AR iE AT R AS
B O 4 ) o 1.76 A1 1.92 mgkg™!, & F R UFAY 1.05 mgkg™, b ARG AT AR S L
(18.35% #1 18.74%) 5 T T Ui (10.30%) , LA F3 &M FE CEF¥H 4 LA 8.06%) , 7EHiiF M4, M2,
M6 S 5 HhES R, 491K 36.01%. 24.2% F121.01%, As % T2 . Al alfes5 EdiEk
K B Ak AH S

TIRY T E SRR FRESANIES S AER R AT B E R ARE, HEETH. Rt
KB Cd, Cr. V. Ni, Co Hl Pb 1y 7] FI| FH A Ir o 42 43 205 78 M6 i (o 8 B i KAl , X R Wiz s 7
) TR XU 4 0 o
22 EERBRESKEIEN

D) EEETBEE TN, B R EIIH x4 RENHEYWPELERACHE
VP ELSIEN RACIE 4 iR, EL& BT Table 4 RAC values of heavy metals in surface sediments
B % M HE Y N Cd> Zn>As>Co>Cu>Ni>Pb>V>  ~

As Cd Cr Cu Ni Pb Zn A\ Co
aoﬁ¢,QMMMC@%%,¥ﬁﬁﬁ%A% 0 L M N~ N~ . L. L ~ 1.
T S 208 B Kl 33.4%, 7E D2 AA{E Ik vl on N L oL oL oL o~ L
B K (51.33%) , A& X e
Y B0 20.19% A1 21.77%, 7E vz, m2, 0 B MO NN RNl Rt
M6, DI, D3k 5 A& B s kpate, Y v M N N NN L NN
wEAEY R EMEHRME, Cr, VIES RSP ML M o N L NN L NN
TMEBIY/NT 1%, ILFEATHRNK, ¥ M2 L H N N L N N N L
EHTX2MITREFENRATTE, 2N M3 L M N L N N N N N
T b & A58 U T a6 0 Bl VR Rl W PO As M4 L M N N N N N N L
Cu. Ni. Pb. Zn. Co Z‘j—:%%ﬁg‘ﬁﬂjj’ﬂ{&MI}ﬁ M5 N L N N N N N N N
BN, THEMAEYEERMLHEME, 8 w ¢ 5§ ~ L . N L N L
IO H A5 T Cd 7E FE T 3 P A 0 T G bl L B N L L L L N L
2) & B 15 YK IR . IR 2 DT b on v N LN L L o~ L
Y)hE 48 A KRSPAE W & 3 iR o Cd Y
KRSP {HH: 5, BRBERE, digm Ty > N 0 N B NN L NN
SR 4350k 155.4% F1 170.6%, J& Fiepgys b4 Lo Mo NN NN L NN
;}%O ;]Et[:fj’ EMZ\ M6 . Dz,'\l—IT\L\LLKRSP{Ej( D5 N M N L N N L N L
T 300%, RMEREIEY; 78 D1 s ARG e NV IR LAIRRUR M- XU H-728 R VH- 728

Yo HABMABREZTLSY, PbA LM F W

TE 4507 B (1) KRSP 34918 43 511 K 24.7% . 50.15% 1 27.08%, ¥ R AR KUK, AL TE M6 &5 {37 i) KRSP {H
39N 195.54%, J& TR Y, HAMAM TG Y. 456 % 500 Pb IE S0 A FRAE 0] 1, Pb X4k
ALY B R A SR A, AT S B B ALBR K, AR AR S XSS, AR AR
As. Cr, Cu. Ni, Zn, Co Ml V 7E4% 547 ) KRSP {H /N T 100%, ARG YL,

454 RAC {H A KRSP {8 & 30 & i s N TR & & 8 b Cd AR S s, HRCH
Pb, —F IS5 CAAPb &R T E H GIGTER . SR EBMRIBA L, H—Jmnl e 540 kiE
B AL, XSRS A ELE 1S —2 ., As. Cr. Cu. Ni, Zn. Co 1V JT % 1£ # i i 8
ToH AR . 45ERZUVURY E SR A FRAE SIS E LA Hral A, Cr. Ni, VT
RFASNHK, ERXIFTERT ZAETTYREZ R . A5 H, HRIE T 88k 5 A #b 5t 26
B, Ahkim L iRED ) A B R AR AT R HRE Y R T R AR Ay A B AR IR e, 2
o7 HeA A SRR RS S AR . MRS, AR S KSR, BEAh, Cd. PbAEEZAE LR
TE M6 A B AL A KBS 3w, XCRINZS N B — @ MBS faE, 2R AR ML A AR B A
VI QATIIE S SO R UIE ISR AL/ b A
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Fig. 3 Distribution of KRSP value of heavy metals in surface sediments
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Table 5 Average non-carcinogenic health risk of heavy metals

LR H Bk R HI
BARARE L A L A JL# A JL#
As 7.16x107° 6.68x107% 6.97x107° 4.56x10* 1.05x10° 1.87x10° 7.23x10° 6.73x107

cd 1.38x107* 1.29x10° 5.51x107° 3.61x10* 2.03x10° 3.63x10° 1.93x10* 1.65x10°
Cr 5.16x10°* 4.82x10°  1.03x107* 6.76x10* 7.97x10°° 1.42x107° 6.28x10°* 5.51x107
Cu  7.41x107° 6.92x10™* 9.86x107 6.46x10° 1.08x10™° 1.94x10* 7.51x10° 6.98x10™
Ni 1.29x107% 1.20x10°  1.90x10°° 1.24x10° 1.88x10°° 3.36x10° 1.31x10* 1.21x10°
Pb 233x107 2.17x107%  6.19x107° 4.05x10°* 3.40x107 6.07x107 2.39x107 2.21x10>
Zn  6.58x107° 6.14x107* 1.31x10° 8.60x107° 9.68x10™ 1.73x107° 6.71x107° 6.23x107*
\Y% 9.14x10* 8.53x10° / / / / 9.14x107* 8.53x107°
JAHI 1.18x1072 1.07x10™"
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Table 6 Average carcinogenic health risk of heavy metals

H Btk L3 TCR
A JLiE UN JL A JLiE IN L&
As  L10x10°  2.58x10°  1.07x10°  1.76x10°  1.62x10°  7.25x107"°  1.12x10°  2.59x10°
Cd  853x10°  1.99x107  7.18x107"  1I8x107°  4.39x10"  1.96x107""  854x10°  1.99x107

Cr 2.66x107  6.20x107  2.12x107'2  3.47x107'2  3.28x10°  1.46x10°  2.69x107  6.21x1077
Ni / / / / 1.09x107°  4.86x107""  1.09x107"°  4.86x107"
HTCR 1.47x10°  3.42x10°

3 Fofr 2 53 a4 A8 6 AR L EE ) B TCR B VE [l R 6.73%1077~3.77x10°%, 1.56x10°~8.76x10°%, [ Jjif
TCR 1B (1.75x107° A1 4.07x10°%) &= F o FE (1.7x107° F1 3.95x10°°, 9.67x1077 11 2.25x107°) , H. ¥ 7¢
M6 1A Ik B RAE, L EE A RUBS: S 2 N KBS (B Y 2.32 %0 e, M6 w7 19 )L 28 B0 i Bl XL
B e e R (8.76x107%),  HAFE T 45252 YW [N, (FL AR 17 SR BRURH 07 991 B 15 it o )i A F0 L2 &L TCR A
As I TTER R R OR, Wk T 75.91% 1 75.98%, H R N Cr(18.28% 5 18.19%). Cd(5.81% 5
5.83%). Ni(0.01% 5 0%).
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Morphological analysis and risk assessment of heavy metals in surface
sediments of the Yellow River mainstream
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Abstract In the present work, the forms of heavy metals (As, Cd, Cr, Cu, Ni, Pb, Zn, V, Co) that appeared in
the surface sediment of the Yellow River were analyzed. The results demonstrated that the available forms of Cd
accounted for a relatively high proportion, whereas other heavy metals mainly appeared in the residual form. In
addition, we evaluated the potential ecological risks of heavy metals in surface sediments by calculating of the
Risk Assessment Code for heavy metals and the distribution ratio of the secondary phase and primary phase.
Results showed that the ecological risk of Cd was the highest in the whole basin. Moreover, the metals such as
Cd and Pb had higher migration at the M6 site, which posed certain ecological risks to the relevant river basin.
On the other hand, the human health risk assessment of the available heavy metals demonstrated that the
carcinogenic (8.76x10°) and non-carcinogenic risk (0.32) of Children at M6 was the highest. The contribution
rate of As in the total non-carcinogenic health risk of adults and children was the highest (61.28% and 62.71%),
and the contribution rate of As in the total carcinogenic health risk was also the highest (75.91% and 75.98%).
However, those values did not exceed the maximum acceptable range of humans recommended by the U.S.
Environmental Protection Agency. The results of this study can provide a reference for identifying the risk of
heavy metals in the surface sediment of the Yellow River and formulating corresponding pollution remediation
strategies.

Keywords Yellow River mainstream; surface sediment; heavy metals; existing form; risk assessment
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