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Fig.1 Distribution of the Yiluo River system and sediments sampling sites
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<0 0 MRS 3~4 4 TR
0~1 1 R AR 4~5 5 JrHEE AR
1~2 2 R >5 6 ™ i A
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Table 4 Statistics of heavy metal content characteristics in sediments of the Yiluo River

JuE HE (mgke) WEHE (mgke) BRA (%) BH5E (mgke) SLIEASFME  REHEE* (mgke)

KB E A (mg/kg)

As 3.02 1.2~7.9 55 8.7

Hg 0.05 0.01~0.12 77 0.023
Cr 34 10~97 59 69.1
Cd 1.2 0.1~5.9 116 0.118
Cu 33.8 5.4~321 176 21.7
Zn 134 7.3~921 158 86.6
Ni 20.12 8.1~37 34 26.1

Pb 131 13~728 134 27.4

0.35 30 120
2.17 2.4 4.0
0.49 200 1000
10.17 0.3 3.0
1.56 100
1.55 250
0.77 100
4.78 120 700

e ool (CHEEFREE R AR M 305 Y XUS A i brdE GR1T) ) (GB 15618-2018) H/kKHI . 6.5<pH<7.5 5 FHIN bRifE(E . i TAS

WA AIEAT pHAEL ST, EURITAR 5 8 6.5 <pH<T. S hRUERA i .
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Fig.2 Spatial comparison of heavy metal content in sediments of the Yiluo River
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Fig.3 I, statistics of heavy metals in sediments of the Yiluo

River
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KMOF Bartlett 3P FERG 55 . 25 2R 7R, KMO £ 5
Z 80 0.727>0.7, Bartlett BRE & K6 5 i) P<<0.01,
1 /& PCA 2544, U A AR 43 A1 1 285 SR X 45 AR T 3Ry
A %4 (Bhardwaj et al., 2017) . PCA M\ 8 F 8 43 J&
JEPEECH 3 F 0 T (LR K T 1 R
N}, BRTTHERR AR 79.367% (£ 6) , AENE /0 E 4
JRFEAAE B

F RS B F1 B STEREE N 45.604% , 7E Cd . Cu.,
Zn F1 Pb 1 &5 5 b ¥ HAG 0% 1F 38 A (AT E R T
0.8)(#%6), H Pearson #5434 ik 75 Cu . Zn .Cd . Pb
PO T 22 [H) A7 R S 38 IEAH DG (P<<0.01) (] 6a.b)
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Fig. 4 Spatial comparison of I, enrichment of heavy metals in sediments of the Yiluo River
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Table 5 E’ and RI statistics of heavy metals in sediments of the Yiluo River
JLER HyfE FA| JLR HyfE U JLR ByfH
Cd 302.18 25.42~1500.00 Cu 7.80 1.24~73.96 Zn 1.55 0.08~10.64
Hg 82.98 17.39~208.70 Ni 3.85 1.55~7.09 Cr 0.99
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(a) Cd NT (b) Pb N
A A
M w L e S
L A P
5'70'.93 onet" S0 ee g
) 2 H
N N
(e) H; (@cC
< .- ALY p—
A PR ]
DY LA SR
S . B .8 ,/
N
(&) RI § A o RAANK
PN A o A AR
e @ Lot o BRASNK
- — o g . /
.. '..0 ‘oee ."’o 1o AU
< ([ Og & | ® i AR
S 0 50 100 150 km

84

BE5 FEUNRNESREBEESKME S EXLE

Fig. 5 Spatial comparison of potential ecological risks of heavy metals in sediments of the Yiluo River
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2013; FHUbAE,2024) o PRI A A R R
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T AN R IR D7 450 45) T & B 42 & Zn

Pb.Cd . Cu 29 S AL B T 0 A M 48000 . F I
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Table 6 PCA analysis of heavy metals in sediments of the Yiluo River

J5 2E 5Tk AT
FHIE(E fRE oy L Fitanit F1 F2 F3
1 3.648 45.604 45.604 As 0.282 -0.335 0.619
2 1.683 21.035 66.638 Hg -0.118 0.058 0.896
3 1.018 12.728 79.367 Cr 0.092 0.895 -0.156
4 0.692 8.656 88.022 Ni 0.297 0.861 0.025
5 0.451 5.633 93.655 Cu 0.915 0.177 0.058
6 0.276 3.446 97.102 Zn 0.957 0.128 0.065
7 0.175 2.186 99.288 Cd 0.901 0.067 0.067
8 0.057 0.712 100.000 Ph 0.800 0.142 -0.059
(@ (b)
1.0 W N
As | As 08 7 /Hg f ~
Hg [0.24 Hg 0.6 5 / \\>
Cr }0.24:0.15 Cr ’ 0.4 B //'ﬁj
Ni 011005068 Ni (@& @ 02 3 ) /
0.0 y |
Cu [0.16-0.010.20 042 Cu /,’ od N f
71 (0.23-0.040.17 0.41 0.90 Zn /’ 04 Gz
Cd [0.23+0.030.14 032 0.77 0.89 Cd ' 0.6 e
0.8 = =
Pb [0.08-0.050.24 0.270.720.70 0.60 Pb i /o)

As Hg Cr Ni Cu Zn Cd Pb
* P<0.05 **P<0.01

Ee6 FZAMRYESEHEXEREE (a)fl PCAHTE (b)
Fig. 6 Correlation heat map (a) and PCA loading plot (b) of heavy metals in sediments of the Yiluo River

F G T F2 B)5THR A 21.035% , 75 Cr  Ni Y
P I HA SR IE AT (E , FLNi-Cr B /776 0.01 7K1y
Y E R A A (r=0.68 , >0.6) , W Cr . Ni A A [F] 1)
el BFFEERI U b Cr EBORIE K H AL
(Bhardwaj et al., 2017; Guo et al., 2022; Cai et al.,
2023) , ifif Ni (A MRS , & f 25 S R B2 BT ()
P (Trajde et alv, 20105 BPIETE4E,2020) . Rk Ni,
Cr UG R A YE T M X K R DU 5 (H,
5 REON 034,059, J8 THACIRE, HES BT
YV 359 R Jads Yo s A S AURIR S o e, DR
YINi | Cr 2R R F Bl A B sl i i 5= (L4,
2020 ; il €A, 2021 5 kA5, 2024 ) . L A
TR F IR A ARTS SUR, 5Z 2 A A R
3T Ml 5 4 B S

F R F3 B 5Tk N 12.728%, 1F Hg 1Y & &
T HA m AT, As 0 F i BB AR s (2 fr (i
$790.6~0.8) ., WFFEEM , Hg iY7= 4 F 8 h A A5 sh

S (45, 20205 Guo et al., 2022), HHHE He
TR MEOL, He M H A EIFSCOm K2 A/ B
e ERT T B0R NSRBI . AR AL As
IR T S, I BHI X R AL As B
AR R, 5 3 X Tk AR P HE A DG . Ak, B
LRI A S i 2@ L TS = (R L BN - (3
R A YRR, Al A 7= BT A i AR A
L&A As Hg S5 4@ (H 18 05 55, 20215 %6
RS, 2023)  XEEIUR A TS B R
I A& 7= A & 4 (Dong et al., 2019; VT35,
2020; 5K AESRAE,2022) o LA B UEBA, 5 F3 0K
Tolk Ak P
2.3.2 % -F APCS-MLR K7 ¢ )R i 7

7£ PCA By JERE B, >R F APCS-MLR £ 75 905 4%
15 YL YE 6 S T 4 DR R Y i AT . 2R PR
B a2 0 T e R A R BUE BT 1, MRS
FE R A RO A (9846 ,2023) . £ T BIR
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Hg.Cr.Cd.Cu.Zn Ni [y RR¥ KT 0.8, As . Pb B %
(0.534.0.630) , AW R AA E B Ao [R5

INE55 SEAE ) AR 40T 1, SR WA R B 45 24
HERRE RIS BE

&7 APCS-MLREBRZ M IERE
Table 7 Linear regression coefficients of the APCS—-MLR model

RARMEL R AL Frififk 228 Sl
5 . P P E‘;ﬁ{%’
B PRI Beta ‘

gy 2.077 0.599 3.467 0.002
APCS1 0.468 0.195 0.282 2.405 0.022

As 0.534 1.001
APCS2 -0.556 0.195 -0.335 -2.858 0.008
APCS3 1.029 0.195 00.619 5.289 0.000
W -0.018 0.009 -2.080 0.046
APCSI -0.004 0.003 -0.118 -1.553 0.131

Hg 0.804 0.954
APCS2 0.002 0.003 0.058 0.763 0.451
APCS3 0.033 0.003 0.896 11.792 0.000
W 0.045 4612 0.010 0.992
APCS1 1.886 1.497 0.092 1.260 0.217

Cr 0.817 1.009
APCS2 18.252 1.497 0.895 12.193 0.000
APCS3 -3.181 1.497 -0.156 <2.125 0.042
W 6.054 1.576 3.840 0.001
APCS1 2.056 0.512 0.297 4.017 0.000

Ni 0.814 1.000
APCS2 5.952 0.512 0.861 11.631 0.000
APCS3 0.175 0.512 0.025 0.343 0.734
gy -17.075 11.805 -1.446 0.158
APCS1 54.390 3.832 0915 14.194 0.000

Cu 0.859 1.001
APCS2 10.523 3.832 0.177 2.746 0.010
APCS3 3.424 3.832 0.058 0.893 0.378
W -30.999 29.676 -1.045 0.304
APCS1 203.322 9.633 0.957 21.107 0.000

Zn 0.930 1.004
APCS2 27.146 9:633 0.128 2.818 0.008
APCS3 13.708 9:633 0.065 1.423 0.165
W 0.320 0.324 0.988 0.331
APCS1 1.243 0.105 0.901 11.820 0.000

cd 0.803 0.991
APCS2 0.092 0.105 0.067 0.873 0.389
APGCS3 0.093 0.105 0.067 0.880 0.386
o 41.584 56.424 0.737 0.467
APCS1 140.382 18.315 0.800 7.665 0.000

Pb 0.630 1.002
APCS2 24.858 18.315 0.142 1.357 0.184
APCS3 -10.341 18.315 -.059 -0.565 0.576

B35 IR (APCS 1) X6F 25 R 52 J ) F- 34 BT iR 4
$19.67%, HXt Cd \Zn .Pb ., Cu PUFNE 4 5 BTk R o
5 (B 7) 43 3K 41.36% .40.94% . 32.52% . 31.67%.
WO PR LG K AT BRI o Cu Zn .Cd \Pb
R R (2R S A 20105 4 kL AR
2024) o F 2K SR (APCS2) °F 35 5T #ik & R
36.06% , X Cr Ni TTHRF 5 K, KX Cu Zn . Pb As
WA —E I BTER . Pearson A1 &% B /R Ni-Cu,
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Ni—Zn £77F 0.05 7K - (1) 58 35 AH 5 1, 0k B A AL
SRR . BT 4R X & 2R A b R 2 B Bk
W T TR INEER SR, AR A A CulZn,
Pb.Cd SR . A HT XA 75 B
N A A FE Cu & B3, HAFAE P Zn 574 (5K DY
5 S, 2014) 50T R Cd Pb .Cu . Zn %
2 (R, 2024) , Ui B Cd . Pb . Cu . Zn 7EHF

pEE
RXNEARMEE 5. &0 0 Kb s 4E
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(e kAT, 2008) B RE 0 A e 5 % As CHE T
85,2015) , HAm AR =X IR Y As  Cr A 03
Wi (BRITAESE 2013) . Tl Al 8 (APCS3) -1 5t
HRF R 21.62% , X He 19 5Bk % A 55 (72.51%) , Hik
H As(36.19%) o R A T A BRI 2 G
JE A LA AP A %585 19 Cd \Zn \Pb  Cu As Ni %5
4> J@& (Peris et al., 2008; FIEMZ=HH ,2014), As.,
Hg.Cd.Pb.Cu.Zn X J& i 378 HI A% B R 7] &
B B R R B T R (M BRAE,2023) , [RIR,
4 WA LA AT = 2 Tl W %
BH B4 SRR =l Tl HE il 25 388 Jon il 3 2 4 Ja 7 Y
(XFEPS4E,2012) .

FI [ R E5 F3 [ R

100%

80% |
60% 1
¥

B 40%

20%

0%

As Hg Cr Ni Cu Zn

Cd Pb

7 APCS-MLR#ZET ik
Fig.7 Source contribution rate of the APCS—-MLR model

A, APCS—-MLR UG AR 22.65% 11 A A
PN B Cr LAAM HAs-E 5 F 4 )8 Y9 — 2 B9 5Tk
., ME PCA 207 25 STBR AL AT, R FNRACER T TR
[ 20.63% B4 W43 o It 38k PN 383l A&k, 3 % VR T I
. WATEWH R &4 Cd Zn Pb . Cu
& B R IR K AN A (LSS KR 4% ) TH
FELE T Al 2574 Ph s 4 (R 5F , 2023) , 3 4K
LV IME & 47 Ph(Shahab et al., 2020) ., [a]f},
TR 8 B2 T4 %e I A o R G2 i in
R & A Zn Ni CRFEE 4, 2023; B 3245, 2025) .
IS, A5 2B, Tl 2B 7= 06 20 Uk JRIEE) i 7= I
SAJE As Hg 1Y = 2R I 2 — (BRHERN 55, 2019) o
X 46 T A e KA DTRE R AT DR B (R
46,2023), WL, ARETE AT RE A RS DTRETE

4 JE R IR M 45 R B S I R Y
S BRI Z Tt Ze k. o H R SR 5T
kA K (36.06% ) , i A AF 5T X 1o HiL o 75 5 46 LR
V4R SRR FEH . RV TR

M Y Sl e A S 7 I IR BTk R 2 A
i 60% , AT UL A3 2l 6 & T AR ) B 4 T e AR
T AR KR, RN AT A o A S P ] i e
LB YA TAE B T nsee P~ K H ARG
e Bl 36 K- Ah A VR 5 Yt 75 AR A B A
E

3 &b

(1)K 2 DUFRY) Cd ,Cu  Zn Ph & i i
T FH M X 7K R DT T So(E, JUH CdoPb  He i
Fb 1145 8 5 3B 43 R A p, Gy Cu Zin P 5 i A i XU
i AL, JEHAN A Cd (Ph 5 iRt KU P 1
XKW Cd.Pb A] e g AR IR FE A P d e
(2) M B SR 48 BOFA 45 R B i i LA
Cd Hg«Pb B ib T rb—d i w5 4 AR o 4 R
BRG], B RES R BRARIA N T EE., B
Tt o G R VR AR S A R, Cd 2R 28 AU A5 9%
i, FLURCAH Hg Phy HAR T TR B Ak TR A A8 XU
35 RAE RLZR B A S KB AE PO KV 34 4301
(3)PCA 5 APCS-MLR 5 AU 4 A 25 R e 8,
LAY M EE 4 0 R U5 LAk 3% sl L A
SREF el Tl Ak 5 . A SRTE ST 3 BTik
g K (36.06%) , Hyk Sk Tl ek 5 (21.62%) -
v % IR (19.67%) o & 1R 1) F 3 51 ik
22.65%, I g KA
(D) PHE A B4 B X R TR Y E 4 s
KRR R Bon , PHE DI E S R S E S5 X
BN ANEA T TEN R Y] . TR I it ol o 4
J& 15 gL BiiG TAEH B T30 77 1 &35 Ge Bt /K
S, I T AR T A b TR TS G HER ¥ T A
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Geochemical Characteristics of Heavy Metals in River Sediments from Nonferrous Metal Mining Area of
the Yiluo River

FENG Xuezhen'?, SHENG Qil'z, WANG Mingguol's, ZHAO Xinlei'?, ZHANG Yan'?
(1. Henan Academy of Geology, Zhengzhou, Henan 450000; 2. Henan Geochemical Ecological Restoration Engineering
Research Center, Zhengzhou, Henan 450000; 3. Center for Hydrogeology and Environmental Geology Survey, China
Geological Survey, Tianjin 300309)

Abstract: This study investigated the heavy metals in river sediments from the nonferrous metal mining area of the Yiluo River. Analysis of the
geochemical characteriatics of heavy metals in sediments revealed the ecological risk differentiation patterns and multi-source driving mechanisms.
Based on the spatial pattern of mineral development, thirty—five sediment samples along the main stream and at the confluences of major tributaries were
collected, and the content of eight heavy metals (As, Hg, Cr, Cd, Cu, Zn, Pb, and Ni) in sediments was analyzed. The geo—accumulation index (IW),
potential ecological risk index (RI), and the absolute principal component scores—multiple linear regression (APCS—MLR) were combined to constructed
the three—dimensional analytical framework of "enrichment characteristics—risk level-source_contribution". The results show that: (1) Cd and Ph
exhibited the most significant enrichment, with average contents 10.17 and 4.78 times the regional background values, respectively. Their spatial
distribution showed a gradient decreasing from the mining areas to the downstream along the river. (2) [geo classification indicated that Cd was
moderately to heavily enriched (1.32~3.15), while Pb (0.82~1.45) and Hg (0.65~1.12) were slightly enriched. (3) The ecological risks showed three—level
differentiation: Cd posed an extremely high risk (E'= 389.7), Hg (E'= 72.5) posed a high risk, andPbh (E'= 52.3) posed a moderate risk. (4) Source
apportionment identified three major contributing sources: natural background source (36.06%), industrial and agricultural source (21.62%), and mining
activity source (19.67%). A novel "element cluster—pollution source-risk level" three—dimensional matrix model was developed, categorizing Cr-Ni as
natural source (low risk), Cd=Zn—Pb—Cu as mining source (high risk), and Hg—As as industrial and agricultural source (moderate risk). This model
provides key data support for the simulation of heavy metal pollution migration at the basin scale, ecological risk early warning, and the research and
development of targeted control technologies, offering significant practical value for the implementation of ecological conservation and high—quality
development strategies in the Yellow River Basin.

Key words: nonferrous metals, ore—concentrated area, river sediments, heavy metals, geochemistry, Yiluo River
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