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Fig.l1 The study area and sampling locations
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Tab.2 Definition of geoaccumulation (/y,) ranking
c (pollution Lgeo
load index, PLI): =0 0
¢; =C;/B;, 4) 0~1 1
PLIsite = 4fc; X ¢y XX, . (5) 1~2 2
PLLoe: 23 3
PLILone = 4/PLIix PLI2x---x PLI» , (6) - :
» PLLe 5 Ci 4:55 2
; G ; Bi
( )i n ,
1 [0, 1] ,
F1 FRAFEBELYS RS RIFHE ; Python
Tab.1 Criterion of pollution load index (PLI) classification sklearn
PLI .
PLI 1.0 '
1.O<PLI 2.0 ’
2.0<PLI 3.0 3
PLI=3.0
31
2.5.2 6 132
’ : 0.063~
0.125 mm i 51.5x107%~
g 13 790.2x107°* m’/kg, 2 127.1x10°* m¥/kg,
(Muller, 1969; 5, 1325 ( 2)
» 2008) : Ps-1 ., 0.063~0.125 mm
Tgeo = logz{ Ly }, (7 16% ’
kM, 0.063~0.125 mm 83%
s Lgeo s Ly n ( 3,
s M, n (Wang et al, 2017, , 2022)
; k 0.063~0.125 mm
, 1.5( ,2008) ,
Tyeo , ( , 2020),
7 ( 2)(Forstner et al, 1990) Xie
2.6

(Oldfield et al, 1985, 1994),
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Fig.2 Distribution of low-frequency magnetic susceptibility(yir) and saturation isothermal remanent magnetization(SIRM) in different
particle size ranges of surface sediments in Taolu Town beach
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Tab.3 Magnetization characteristics of each grain size level of representative sediment samples in Taolu Town

/mm 20/(107° m*/kg) /g 1% i 1% /(107 m*/kg)
1507.9 100.0 — — 1083.7
1~2 267.0 0.2 0.2 33 0.5
0.5~1.0 4457 1.0 1.1 55 4.7
P5-3
0.25~0.50 1643 5.1 5.1 2.0 8.4
0.125~0.250 284.1 80.4 81.7 35 232.0
0.063~0.125 6 990.1 12.0 12.0 85.8 838.1
0.063~0.125 mm
(Zhang et al, 2008; Hatfield et al, 2009) ( Xif
0.063~0.125 mm 4121.2x107° m’/kg), (e
, 2 487.18x10™° m’/kg), (ar
924.9x 10°* m’/kg) , X
3.2 0.063~0.125 mm
5 Xif
, ( 3, )
(Thompson et al, 1986;
. 3.2.2 Xf
Evans et al, 2003; Xiao et al, 2020)
0.063~0.125 mm
(Thompson
, et al, 1986; Liu et al, 2012); SIRM
0.063~0.125 mm e SIRM ( )
Xfd 3 0.063~0.125 mm SIRM/xit
3.2.1 Xt 0.063~0.125 mm
SIRM/y¢ , 53.8x10%  42.9x10
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Fig.3 Characteristics of environmental magnetic parameters of the study beaches
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Tab.4 Content of heavy metals (nug/g) and related indicators of the study beaches

(ng/e)

Cr Ni \Y% Fe Zn Co Pb PLI
P1-1 111 61 154 62777 102 16 43 1.3
P1-5 88 37 112 39 647 87 13 26
P2-1 98 44 140 49 457 94 16 33
P2-5 87 36 112 39208 88 15 26
P3-1 95 42 131 46 587 92 15 31
P3-5 85 34 107 37814 87 13 25
P4-1 103 50 147 53 827 97 17 36
P4-6 84 34 103 37223 87 14 25
P5-1 97 42 149 46 497 92 16 31
P5-6 86 35 108 38 586 88 14 26
P6-1 90 36 119 39 824 88 14 26
P6-6 86 34 104 37 560 88 13 25
P7-1 100 41 151 45795 92 15 30
P7-5 85 34 104 37 467 87 14 25
P8-1 93 36 122 39 838 88 16 26
P8-4 86 34 104 37 631 87 16 25
P9-2 85 34 103 37350 87 17 25
P9-6 86 35 110 38 499 87 15 26
Z2-2 100 46 136 51487 94 16 35
Z2-3 105 47 134 53 287 108 18 36
Z2-5 96 42 129 46 547 91 12 31
Z3-1 85 34 104 37 525 86 15 25
73-4 88 35 111 38 873 87 15 26
73-7 84 34 102 37331 86 13 25
Z4-1 85 34 106 37568 86 14 25
Z4-2 90 38 132 41716 89 16 28
Z4-3 83 34 104 37389 86 15 25
Z4-4 85 35 107 37 692 86 14 25
Z4-5 83 34 103 37 360 86 14 25
Z4-6 83 34 104 37410 86 15 25
P1-2 92 36 118 39501 88 16 26 1.5
Pl-4 95 38 127 41339 90 15 27
P2-2 90 34 105 37574 87 15 25
P2-5 90 35 107 37795 86 15 25
P3-1 102 46 154 48 817 94 18 33
P3-5 90 35 109 38 187 90 14 26
P4-1 120 62 195 67 327 103 19 46
P4-4 89 35 113 38 755 88 16 26
P5-1 112 55 187 57 567 100 21 42
P5-4 94 38 121 41024 90 18 27
Z1-1 105 51 152 53 597 96 17 36
Z1-3 90 37 120 40 223 95 15 27
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(ng/g)
Cr Ni \% Fe Zn Co Pb PLI
P1-3 90 40 111 43 581 99 15 29 1.5
P1-5 99 51 132 52 527 98 16 35
Z1-1 119 76 139 86 297 108 16 59
Z1-2 88 39 116 42 325 87 15 28
Z1-3 88 37 123 41019 86 14 27
Z1-4 93 44 136 50 047 90 16 34
Z1-5 91 41 141 47 047 88 16 32
Z1-6 88 37 119 40 758 85 13 27
57.1 243 74.7 29 120 64.6 12.1 27 -
28 47 97 50 400 67 17 17 -
44 21 70 32 600 63 12 18 -
(Zgeo) Cr
( , 1997, , Ni V Fe Zn Co Pb 7
2018) ( 4 R
) )
< <
\% Ioeo )
PLI=I, 0.04; Ni V Loeo
( 2 , , 0.18 0.15; Cr
(PLI=1.5), Ni V Iyeo , 0.01
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Fig.4 The average index of geoaccumulation of heavy metal concentrations in sediments of each beach in the study area
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Tab.5 Percentage of samples with no and light pollution samples as indicated by I, of beach sediments in the study area

Cr 77 23 75 25 67 33
Ni 70 30 38 62 67 33
A\ 60 40 12 88 33 67
Fe 83 17 62 38 75 25
n 90 10 62 38 67 33
Co 97 3 100 0 75 25
Pb 97 3 88 12 83 17
82 18 67 33 62 38
: 38% 3.3.2
, vV 67% 5
) Lyeo
,
(Tgeo=1)
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- = : /5 Q Y
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I SRS
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5 Igeo
Fig.5 Distribution of heavy metal 7, in surface sediment samples
7 Ioeo ( , 1998; Benoit et al, 1999),
( 6
3.4
( 5), R 50 0.063~0.125 mm
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Fig.6  Vertical distribution of heavy metal pollution in the study beaches
1 Lgeo==0 , 0</geo=1 ;
[0, 1] , Python X SIRM XarM
2 b 7)
( 6
6 , X SIRM Xarm
H s Igeo3
s Igeo
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Tab.6 Multivariate linear fitting of ambient magnetic parameters for heavy metal content in the sediments from beaches in the study

arca

R?
@(Cr)=0.51%+0.97SIRM—0.28X sgm—0.029X1—0.029S _10910.09S 399—0.08 5X srm/X—0.17SIRM/X+0.15 0.84
@(N1)=0.37X+1.1SIRM—0.26) Agp—0.03 1X14—0.028S_199+0.022S_309+0.039% srm/X—0.098 SIRM/X+0.05 0.95
@(V)=0.96X—0.74SIRM—0.13X sgm+0.0024X15—0.1S_199+0.057S_300—0.3X Arm/X+0.14SIRM/X+0.16 0.80
@(Fe)=0.17X+1.0SIRM—0.13Xarm—0.0099%4—0.014S_,9+0.025S_309—0.0 13X Apm/X+0.07SIRM/X+0.04 0.97
@(Zn)=0.592+1.4SIRM—0.69X srm—0.15X5+0.015S_199—0.0095S_309+0. L 8X arm/X—0.38SIRM/X+0.21 0.75
®(C0)=0.48x+0.75SIRM—0.52X srm+0.12X¢—0.15S 199+0.11S 300+0.34X Arm/X—0.64SIRM/X+0.4 1 0.50
0.97

@(Pb)=0.212+1.0SIRM—0.15X srp—0.011X—0.028S_10910.0092S _3061+0.0014X Armi/X—0.067SIRM/X+0.06

fw , ng/g;

, 1.0
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Tab.7 Magnetic analysis model of heavy metal content and index of geoaccumulation (/g,) of beach sediments

R? R?
(Cr)=0.0069%—0.000042SIRM-0.0075% sr\+86.74 0.85 Ieo(C1)=0.000041X-0.15 0.67
©(N1)=0.00541~0.000029STRM—0.0054X sry+34.90 0.94 Ieo(N1)=0.00008 1X0.17 0.81
©(V)=0.00557+0.000072STRM—0.0069X ry+110.34 0.66 Teo(V)=0.000062%-0.06 0.53
@(Fe)=5.07—0.019SIRM—5.22 spn+38393.27 0.94 Ieo(F€)=0.0000787-0.36 0.79
©(Zn)=0.0049%—0.000037SIRM—0.0052X sp\+87.27 0.79 Teo(Z1)=0.000027X~0.12 0.66
(C0)=—0.000742+0.000023SIRM-+0.00089% s\ +14.34 0.25 I4eo(C0)=0.000025X—0.32 0.21
©(Pb)=0.00357—0.000014SIRM—0.0036X srp+25..51 0.94 Ieo(Pb)=0.000080X—0.66 0.79
@(Cr)=0.000352+0.000014SIRM+0.003 1% sry-+84.92 0.97 I4eo(C1)=0.0000587-0.27 0.72
©(Ni)=0.00137+0.000043STRM-0.00045X spn+31.68 0.97 I5eo(Ni)=0.0001452-0.40 0.79
(V)=0.00035X—0.00018SIRM+0.029% srp+119.08 0.68 Ieo(V)=0.0000437-0.02 0.50
(Fe)=0.721+0.046SIRM+0.74% p\+36350.96 1.00 Ieo(Fe)=0.0001457-0.58 0.77
(Zn)=0.0022X+0.0000715STRM—0.008 7 srn+82.28 0.70 Ieo(ZNn=0.000042X~0.20 0.55
©(C0)=0.00091X+0.000011SIRM—0.002X spp+12.19 0.77 I4eo(C0)=0.000049x—0.46 0.65
(Pb)=0.00046X+0.000033SIRM+0.0005 1 X srp+24.16 1.00 Ieo(Pb)=0.000150%-0.90 0.77
@(Cr)=0.000662+0.000099STRM—0.0033% spy+89.77 0.98 Ieo(C1)=0.0000324-0.09 0.95
@(N1)=0.0024%+0.000032SIRM-0.0028 sppn+34.71 0.99 Teo(N1)=0.000067X-0.14 0.96
@(V)=0.00027+0.00048SIRM—0.019% sr+109.94 0.98 Teo(V)=0.000067%-0.01 0.90
o(Fe)=1.94+0.033SIRM—1.6X srn+38000.87 0.99 I4eo(Fe)=0.0000637-0.34 0.97
©(Zn)=0.001+0.000029SIRM—0.0018% sy +88.40 0.87 I4eo(Z1n)=0.000017%-0.09 0.84
©(C0)=—0.00048%+0.000062STRM—0.0023) s\ +14.95 0.81 Ieo(C0)=0.0000327-0.24 0.62
@(Pb)=0.00044%+0.000079SIRM-0.0029X srp+25.00 0.97 Ieo(Pb)=0.000069X—0.65 0.96
(Cr)=0.0021X+0.000033SIRM—0.002X sr\+86.62 0.83 Ieo(Cr)=0.0000381-0.14 0.73
©(N1)=0.00131+0.000045SIRM—0.0013X spp+34.41 0.95 Ieo(N1)=0.000079%-0.16 0.81
(V)=0.00847+0.0000093 SIRM—0.0066/ sgp+109.17 0.76 Ieo(V)=0.000063%-0.05 0.70
(Fe)=0.941+0.055SIRM—1.0% spm+37899.24 0.97 Ieo(Fe)=0.0000772-0.35 0.79
©(Zn)=0.00124+0.000025SIRM—0.0017X App+87.18 0.73 Teo(Z1)=0.0000231-0.11 0.62
(C0)=0.00046X—0.00000075SIRM—0.00018 spp+14.42 0.42 I4eo(C0)=0.00003 1X~0.32 0.39
(Pb)=0.00071%+0.000038SIRM—0.00076Xpn+25.12 0.97 Ieo(Pb)=0.00008 1X-0.66 0.80
, , ; ® ng/g
S 77
TgeoX 7 7
, Tyeo X
(R*=0.62~0.97), (R*=0.21~0.81)
(R*=0.50~0.77) ( 9
3.5 7
V Ni Cr
\%
\Y
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Fig.7 Characteristics of the surface distribution of each heavy metal pollution in Forest Park Beach and Tao Luo Town beach as
indicated by mass magnetic susceptibility diagnosis
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Fig.8 Land use types in Rizhao coastal zone (revised from Wu et al, 2019)
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( , 2020), 7
s X SIRM XARM
A" Cr Ni V Fe Zn Co Pb
> V > >
149.1x107* m*/kg ( ) 466.6x107° m’/kg (
) 964.1x107° m/kg ( 5
), < <
Y (1)
( 4 , 0.063~0.125 mm
( 9 , )
MD,
*8 HEMEMARYEZREITHEN 0.063~0.125 mm )
FIR 21078 m3/kg)is WikR
Tab.8 Diagnostic criteria for heavy metal contamination in )
Rizhao beach sediments with (10" m*/kg) in 0.063~0.125
mm particle size 5 5
< <
X X X X v ’
Cr 3652.6 4 635.5 2 802.9 3714.7 . .
Ni 2 107.6 2 766.6 2103.2 2 024.9 Ni ’ Cr Ni
\% 964.1 466.6 149.1 793.6 Fe Zn Pb
, 0.063~0.125 mm x>
1000x10°* m¥kg 3)
2 000x10™® m’/kg (Wang et al,
2017)
,Fe Mn Cr ,Pb Zn
(Wang et al., 2017);
. (4)
Cr Ni V, )
) , X
SIRM  Xarm

>

0.063~0.125 mm
7> (1000~2 000)x10~° m’/kg 0.063~0.125 mm 7>1 000x107° m’/kg

>
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EVALUATION AND MAGNETIC DIAGNOSIS OF HEAVY METAL POLLUTION IN
SEDIMENTS OF BEACHES IN SOUTHEASTERN SHANDONG PROVINCE

WANG Kai-Wei', WANG Yong-Hong', WANG Xiao-Yu'?

(1. Key Laboratory of Submarine Geosciences and Prospecting Techniques, Ministry of Education, College of Marine Geosciences,
Ocean University of China, Qingdao 266100, China; 2. Marine Academy of Zhejiang Province, Hangzhou 310000, China)

Abstract Beach areas are prone to heavy metal pollution caused by human activities. We studied three beaches,
namely Rizhao Seashore National Forest Park Beach (FPB), Furong Village Beach (FVB), and Taoluo Town Beach (TTB)
in the southeastern Shandong Province as study areas. The contents of Cr, Ni, V, Fe, Zn, Co, and Pb on ground surface and
in sediments were detected and evaluated using the pollution load index (PLI) and the index of geoaccumulation (/g,).
Additionally, environmental magnetic parameters were measured on the samples, by which a magnetic diagnostic model
for heavy metal pollution in beach sediments was established. Results show that all the three beaches were polluted as
indicated by PLI, and the degree of pollution was in an ascending order of FPB < FVB < TTB. In addition, /,, data show
that the FPB suffered from V pollution and 18% of the samples were contaminated; FVB was Ni and V polluted as shown
in about 33% of the samples; and TTB was Cr, Ni, and V polluted shown in about 38% of the samples. The main causes of
heavy metal pollution in the study areas were local industrial production and aquaculture wastewater discharge.
Normalized multivariate linear analysis of magnetic parameters showed that the three parameters X (mass specific magnetic
susceptibility), Xarm (susceptibility of anhysteretic remanent magnetization), and SIRM (saturation isothermal remanent
magnetization) were closely related to the content of heavy metal elements, and they can better indicate the content of
heavy metals and the degree of pollution. Shown by mass magnetic susceptibility diagnosis, the X value of 1000x10* m’/kg
in fine-grained sediment (0.063~0.125 mm diameter) should be a warning sign of heavy metal pollution, to which thorough
pollution assessment is suggested.

Key words heavy metals; pollution evaluation; environmental magnetism; beaches; magnetic diagnosis



