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w = N SE T R WAL R T A TS Y A A U R O TR 4 TS G AT 4R At T A 1T 0 0 R
Tk REFFE T LR ZHEM 99 A, WE As .Cd Cr Cu Ni Pb Fl Zn & 1 DL S ARMRE AL 3R (x0p ) FLES
WG EE (Xup ) o SR8 Kriging 3 IEAR IS x,p 1925 R 40405, 15 Y& 671 fof 78 400 ( PLD) 3P40 + 5 5 4 Jm 75 Y 72
BEIEAE PLI 5 X AHC A DT A B B sy TR T X 10 R 30T & Jm V5 e S5 Robm . S5 R 3R W), R i +
BAMN T MESIE WY PLI Yy 2,53, 2 h TG, Cd 2R FEMG K ¥ LI X, FEN 1257 x
107" m® kg™ ", B PR b p AR e 1 10 33 08, 6 R X B AR R L R X U S R R e VA R BT A% R A
EEL)E PLISH x, AN PLIL = 0.011x,, + 0.320(r = 0. 663) %*&ﬂ%i*ﬂa‘é(zj <0.01). H
8 T AP B I IR A B TS AR Y 3, <62 x 10 P m’ kg A, A I 62 x10°°
< <153 x10 °m® kg™ "B, HERBETS Y524 153 x 10 7% <y, <244 x 10 ° m® kg "B, B LY x,, >
244 x 10 " m’ kg™ "I, Sy S Yt

4 i T R WAL R B R 5 S )4 5 5 YRR AT R

mESES X833 kAR IR A A

SR AR B R WA S| e T sk g T gt 2 g e g g
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LBk ik

1.1 MEXHHER

TR E AR A Z —, B 4 000 4
R RIS o S TR R A R AR R A RO IR L b
IR R R FEAE 70 m A2 2012 A I X AR
94 km®, JKIX N [ 85.57 7. J& T W& M4 K Bl vk %
WA AR BIRE K i 636 mm AR 14°C. AR
B A BE O v B, R EERE T+ T
A Ik b R A O R AR
ShELm (IR A IR ) 1T B .
1.2 HRRXESLE

FIH 1:2.5 TP IXE, 243 500 m x 500 m
(0 DA o A A 50 I A% s BT 3 JBCA AR e 1Y
LR A SRR S GPS SE o RS RAE S A4 m
TN, B M AT i 5 SRR 2 A
TG RERZE(0~15 em) HHE(LUT @ FR H38) 7
B 5 9K J5 5 Rl A v I LA R U R s 3 45 1R AR
B 5 A TRETE MR A 155 500 g 2247 BT RES .
AR FEIERAG + HERE S 99 iy, AESTIR E B AR A XL
TIE , AR A T @ i 2 mm JE S 06 T 5E +
HEREAL R R B 5 g B S, FH 30 3 RIS AF 5, i 22
A L 0,149 mm JE Mg i, H T @ HIEE 4R

o SRAEA Sampling sites
e Yk Circumvallation
& A Lakes 0 1 2km A

BT P I0X R A 5 45 A ]

Fig. 1  Distribution of soil sampling sites in Kaifeng City

1.3 tESEEEMNERZE

SRR R R R R R KO T R
599696 BE 1 (GB/T17139-1997 . GB/T17137-1997 il
GB/T17138-1997 ) 5 , 4% A4 7 it 5% Ji ICP-MS il

i B AR T 95066 BE Y (DBSL/T 836.-
2008 ) I o Al AY AL A BEA AA-6601F R
W3 D6t BE i (H A B HE) (X -Series T B HL B
B A B TR BT AN (36 1 FE R G R ) (KYS02 AU J5
THOECEETH (b At ) o R E SR, A ke
st >R FH P A7 32 36 0[] K v - A (ESS-2, 45835 ) [
Wi g R A7 R R o P AT IR 0 A A X i 22 18 4
il 7E 5% LAY, bR ISR B 7 95% ~ 105% Z 4] .
1.4 TE#ARNERE

TN 2 mm LSRR A 20 ml & AR}
&vp, 7E 25°C T FI 2 i Bartington MS2 Y SUSH #% 1k,
AL AR (0. 47 kHz) Fl 45 (4. 7 kHz) 4 5
W - SRR AL R (X ) R BRE AL R (X ) L 2
KT A% (x 107" m” kg™ ') FoR 5 AR5 AR 4R
X P X THEIRREAC R (X)) o BT X0 L X 0
JERASE, I BEABETER F X0 A1 X T S T 2 )
S AR A ST
1.5 E€RBEFHETEMAZE

oI TS 255 15 e Fe B (P ) 3 73 98 v ik
JEE T e W) 0T - B B 5 A %) B2 DAL Ot AR F 5 R
V5 4t 11 i1 35 % ( Pollution Load Index, PLI) R N
TR G TS YT A, 1% 07 1 RE WL b S e 45 A
4 O G Ye i) TTRRFR BT, vl B A A )Tz
FHRITH S H LR e R Hat
NN

PLI= ,/CF,x CF,x---xCF (1)

cr, =t (2)
Cu[

K, CFoAE SR o R 5 7 e, RN E 4
J& SN E e, RN EAE I R, R
T F 717 B L] Lt DX 1) A 498 S R0 g T e R
hEW T ESEYT RES 5. CF 90 %br ik
N:CF<1 JIIHH (L), 1 <CF<2 JRREG Y
() ,2<CF<3 g5y (Il),CF >3 HHE &5
Y (V) o PLI g B AE &5 2 Fh TR 4 )8 1975 Y 17 4 48
B PLIVGO 3 BAnuE R : PLIS1 S Joi5 9%, PLI > 1
sy E R AR PL> 1 B AT T
44y PLIS1 IG5 Y 1 < PLIS2 i EEys e 2 <
PLI<3 Jgs@ g5 4, PLI >3 Jgfesiis ' . T
AR HEAR ARG Y HOAR SO LR
K PLI<1 RTIHYH (1), 1 <PLIS2 R TG 3
(), 2<PLI<3 JrpEHY () ,PLI >3 R &
HHCV)
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21 TESESES=ESUMMAE

M1 o] UL, JF Bl 3k i £ 5% As Cd ., Cr,Cu,
Ni.Pb fl Zn {35 & &4y 9k 6. 31 .1.05 53,11,
36.40 23.87 .36. 71 1 164.03 mg kg~ ', 5 [ i
+ As.Cd.Cr.Cu Ni . Pb fll Zn &F{H (452 9.7.
0.1.66.6.24.1.29.6.21.9 f172.1 mg kg~ ") #
I, Cu.Pb.Zn fil Cd & & & T8 5 H, 25 HYS T
BWHRUEM LS1f% 1,67 £%5.2. 28 £ i1 10. 20 £%; 1
As Cr FI Ni & 2% T 98 5t 0H, 40 9 55 50 E AR
35% 20% F119% . +IEHE &8 & 82 R R
FEA44% L L o Zn F1 Cd & & WA 7 R B

2009% LA I, e BT 4 e i G R o = A2 T N 2R
s A X I 25 0

FEE T 5 x BT R 39.97 x 107° ~
1123 x 10 °* m’® kg™ ', F¥(E K 125.7 x 10 * m’
kg ' xp ML K 0.61% ~ 5.94% , V- ¥ {5 K
2.82% o Xy p M xpp B9 ZAE S R AT 0 111.2% F0I
35.54% J@ T i 4 2R AR S R WIOF BT -
RGeS W 22 R R . 5 A ST g R
FEZEAR L, TF 3 T 3T 433 X, W 0 8 T B Isfah-
an MY+ (SF¥ R 74.34 x 10 " m’ kg™ ') il
S [F) Rt B M A 7 7 22 2 e g
ST HE P {E 4 5N 154 x 107" 219 x 107°
234 x 10 *F1215 x10 *m’ kg™ "),

®1 FHTHTIEESCESESHALESIT

Table 1 Statistics of the heavy metals contents and magnetic susceptibilities in the soils of Kaifeng City
I H Items #x/ME Minimum % K{H Maximum H1{E Mean bR 22 SD WRZABCV (%)

HEe)R As 3.12 25.08 6.31 2.81 44.57

Heavy metals(mg kg™ ') Cd 0.07 22.37 1. 05 2.95 281.3
Cr 27.37 487.6 53.11 45.98 86. 58

Cu 11.12 401.0 36. 40 44.82 123.1
Ni 10. 46 158.7 23. 87 14.32 59.97

Pb 2.34 359.0 36.71 53.50 145.7

Zn 30. 62 3529 164.0 366.9 223.7

Xip ) (x10 ¥ m® kg™ ") 39.97 1123 125.7 139.8 111.2
x> (%) 0.61 5.94 2.82 1. 00 35.54

1) xpp (&I HE L # Low frequency magnetic susceptibility; 2) xp, : $5 i L % Frequency magnetic susceptibility

2.2 FEHEMHHLEEEETEITM

K A Rl N AR (e,
TS B HF ST -4 Cd  Zn (Pb Cu  Ni Cr Fl As
() CF F1 PLI, Z5FFW , RFE+EELER CF K
/NI H7 - Cd(10.48) > Zn(2.28) >Ph(1.68) > Cu
(1.51) >Ni(0.81) >Cr(0.80) >As(0.65), + 4
Cd 5 Yefge ™8, P CF o, Ry 10. 48, J& T 5 B 15 4y
HW N Zn -3 CF, 0 2.28 )& T BET5 4 IR
k1 Pb 1 Cu,F-3 CF,, F1 CF. 4y 1. 68 F11.51,
JBFHERY ;M As A1 Nijy CF #H/NF 2,8 F X
YR Y, T R E & R T R 1Y PLI
2,53, Bk B RS YL,

M4 T 4 S AN [ V5 Y 0 R R R R
SUBR LB (3R 2) R 45 R 4B As (Cr Fil Ni
M CFIRT 190, RKRAT5YE, T HAESEU 05 R
BE B 92.93% 91.92% F1 91.92% 5 KERAFHE &
Zn Cu M Pb () CF J&F T AT %, T 9435 Yk 15
B 5 B B 48. 49% (42, 42% 1 30.30%
KEFER CA Y CF & F MMV Fi5 9, Vg5
YURE 5 B0 SR BB 65. 66% |, 4 BT T
TR E AT R T N PLLORFE I E
- HE Y5 e RE S G 38.39% , 11 U5 Y RE AN
33.33% , WAV G5 Je bt mi g 14 14% £ o
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R2 FRABEENESSANSLHEABHNBEIY

Table 2 Percentage of the number of sampling sites in each pollution grade to the total number of sampling sites

AR5 Y 2 5 #E A5 L 43 Proportion of sampling sites in each pollution grade( % )

TEMr T8 FR Assessment indexes

I I | v
R P 5 YL dE 4 CF As 92.93 7.07 0 0
Cd 3.03 11. 11 20. 20 65. 66
Cr 91.92 7.07 1.01 0
Cu 45. 46 42.42 4.04 8.08
Ni 91.92 8.08 0 0
Pb 50.51 30. 30 6. 06 13.13
Zn 26. 26 48. 49 17.17 8. 08
5 Y B faf 48 4% PLI 38.39 33.33 14. 14 14. 14

W D VI VARV 235 s is g RS e P VG Ye MIGR BE V5 4% Note: 1, I, 1M and IV represents non-pollution, slight pollution, moder-

ate pollution and high pollution, respectively

2.3 TEEF#EMUENZTESS

DA Moran’s 25 (1) VE R 28 0] H A1 400 T
KA Z-Score AXHEAT BEVERT ™ IEAM K5
REIEEL 5% K G FHE R 1. 96, W Z i 4a XA
KT 1.96, UL B AR LA AE W I 25 () A AR OG22, 48
B AR E, &504r,1=0.17,Z =4.37, K Tl
FHE 1. 96, DRI 3 71 3k T - 498 AR A TH) 1 R A
ARG, W DL R AT M 58 1 4/ {8 50 B i AreGIS
10. 0 FRAFXT 448 X, #4735 38 50 HLA% (Ordinary Krig-
ing) e At N3 20 W7, 45 3 JF 55 7T 9k 7T A B x2S 1D
M 2) o 2 AT 0L, JF 3 5 x5 (1)
GIATA SRR — R B AR 1] P b B A %
REARG A R 3, I T 7 1 8 4 A8 R X [R] O 252
107" ~ 1123 x 10 ™" m* kg™ ", P It 1 74 34 b [X K £ 25
fB7E 40 x 107 ~101 x 10 *m® kg ™' Z[a], — &
DX (it LA P ) I 38 s 30 3 R 8 R o ok s L IX, - 4
Xi B E 60 x 10 ™° ~469 x 10 *m’ kg ™' Z i, =&
T B T B 8% L LA YRR O ik S i o
YL KA %38 S WA PG 258 3l B3

-------- N

A

XLF
(x10*m’kg™)
[ 13969
70 ~ 85
186 ~90
o ~ 105
(06 -~ 141
42 -~ 236
237 -~ 482

P2 TP ST Ty e SR A R () Y 23 ] 20 A1 4

Fig. 2 Spatial distribution of soil x,; in Kaifeng City

FEHMABERRELNE T X, FERKRT
Ak ATl AR T A T R
BEIT BB UREINLTT AT, XAk g F 20
M F AT, R ERIH &R, A /e =
1575 Y I (R R 4 R ) 4 2 R AR ik AT
T SR R E R SR, BOARIT SR AE R, Tl
AP AT TR A R, R Y R A
SR/, {H 2 E Ak T A 9 Y R PR 4 S RS sh Pk R
55, G AL AT SR A TR = KO o T BT
X ALt AT — 262 Tl Aok, an F 3 H H AL T
(BEWAT) A T R % 3 R X+
SR AL R A i 1) T R R B X AR A, A
AR AR R R, HLE R TE K DRI o
TN 22 3 AR YR AR B R T G 2, 3 3 A o B R
TR, X AT RE S I X A R R T R kX
FIJR N 22— Bl T4k 8% O B B i 1 1910 4, Iy s
R T B Fis v MR v AR R E K, LIS
G JE TG Y S AN B S R P AR R 2 )
1) B 451 25 T i — 2 4 T UKL, 5 SOk B P N 4 1
EEEREE T AL RTIE .,

24 tESEESLAEUAENHEXXR

- R Ak 2R AT LA AT AU b 38 s b HERE S AP gk
BEVER P00 & 5, X B = T X, Xeo EEIE R L
SR S TR BT S AR R OB Bk T L T BT O
W AR 7 PR 4 JE i L PLT 5y, Al
Xio [ Pearson AHC R E (3£ 3) KW, £ As Cd,
Cu.Pb fl Zn 5 x,, P 2 [A] 2 M o8 2 1EAH G (p <
0.01); 5H Cr Al Ni 2 #FIEMX(p<0.05), X
SR AP —Bm Ot R x e 2T

http : //pedologica. issas. ac. cn



1246 + b

¥

51 %

DA B 4 R U SR W 5 A O, SR IO R T2 2
BEVED 1) L Fe JLER (Mn Ni Cr ALl Mg 45 ) JE 1
A0 Py Ll S 26 T 4 s (Cd (Hg  Cr As 4% ) 5% Fe
TREFEME WSS S A&

PR 5 AL RS E SR R
Zn , HR 55 Cu Cd.Pb As Cr Al Ni, iX i B 3%
T A M A0 0 AL SR BB A% S i - HE 4 R A T g
*%EO

R3 FAHTHTLEESESE.PLI SHAEZHHHEXME(n=99)

Table 3 Pearson’s correlation coefficients of heavy metal concentrations and PLI with magnetic susceptibilities in the soils of Kaifeng City

I H Items XLF X¥D Cr Ni 7Zn Cd Pb As PLI
XLF 1. 00 -0.35"" 0.23" 0.23" 0.80"" 0.88"" 0.66"" 0.62"°" 0.34"" 0.90""
X¥D -0.35" 1.00 -0.13 -0.07 -0.19" -0.22" -0.18" -0.18" -0.18 -0.26"

ok ox TIRTE p<0.01 K F R EMIE; « LIRLE p <0.05 /K B EH K Note; = * Significant correlation at the 0. 01 level. = Signifi-

cant correlation at the 0. 05 level

+ 3 Cd . Cu.Pb fil Zn 55 x,, 22 A ¥ &5 i & 1 A0
K (p<0.05),As Cr F1 Ni 5 yp, M4 22, HAR
SR B9 AR Akt # XO5 ET N B B R 4 e —
O R, Rk, EE SR L
T 6 A T A 1 AR S R X R A
KRR EN RSB IUCREZRATA
HHEFEMRA 2R EEHAXHITEEERA T+
HERERR Y AN BEABESE A X = 5% ATAE
Shy A 1 b R IR OB AE AR S A I FHE L A X
<5% , it W R AR AL, R BURE LN R R Sk 32
TEEF IR T A 2 R A R X /N T 5% (R
1), 30 B T v T - 38 vh B AR &5 UK B - o
Hp R A R IR SR, X — 2B R BT BT £
8 As Cd .Cr,Cu ,Ni Pb Fll Zn 5 FF 317 4% b A 236
AT G AL Tolk 2B 7= B v R 2k VR E R AHE
I B T () 2 AK T ) HE I A, B4 7 AR R G P
WORLR IS I, DR R I, B R Mk T 4 ki
- S AR N R, DU R TR R AR R
F WETE W) DA PR W - W UK AE A, R B B R
TR Ak R A R ORI R 4 & T LAl
Ik 3% 1A W A R [ O A A SRR R T Y
ekt Wi, EEPRESB TELZ 5 4A
TRk Py L A7 X S8 JFURLR M T8 2 KT
Bif o 2 72 000 45 3 1 e 0 A IR T B, R AN
MELE TR, WA SRR
2.5 ETLEuUAENIESERETENR

BEAR T3 s & )| PLI 5 H x, Z W BA 8% IE
A I8 2 0 FH X, B AT T R+ 38 o 4 8 V5 e 0F
Hro Ak, 2B F 2EE  PLEAT x 1 810 4357 FiAH
AT, ST I T WA AL R 1 T 4 JE S e 4
Pbnife ., Ak PLIFL x, o 09 57 (80 4SS 2 4 3t 3
L, R = A AR e 221 B R (R, T

FH SPSS 17. 0 84 LA PLI 2 [ A8 (DL 0 o RS
HEATZ A B H 3 B, A5 3 40 8] 5
PLI = 0.011y,, + 0.320
SR A REr = 0.663, 3K T p = 0.01 KF
IR R EL (g, = 0.256) , BLHH 13 PLI 5 x,, 2
W FEEMK, FREEY,F = 71.26, KT
Foo = 2.626, KB EIHJ7# 4 p = 0.01 EA5KF
TaBEN, WP L5 PLL Y x 208 EHK,
MR - 58 PLI V5 9% oy Rbr i (WLATIR 1.5 795) , AT LA
ST T R AR RS R AR (R 4)
Moy <62 x 10" m’ kg™ 'IF, -3 KI5 Gy 2 62
x107° < x,, <153 x 10 m’ kg~ "W}, Jy 55 i IG5 Yy
153 x 10 7% <y, <244 x 10 " m’ kg~ "mf, Ky
T5Y M X, >244 x 10 " m’ kg™ "B, KSR BETS Y
*4 BETHAENTIHESSESRIS
Table 4 Grading of soil heavy metals pollution based

on magnetic susceptibility

Xir ( x 10 8’ kg~ Y 75 YL 2 4% Pollution grade PLI
Xir <62 Jei54% ( T ) Non-pollution PLI<1
62 <xp <153 25 YL (1) Slight pollution 1 <PLI<2

153 <y p <244 HrEE 75 YL (1) Moderate pollution 2 < PLI<3

Xip >244 353 (V) High pollution PLI>3

Wang 257 DL 22 M 15 4 451, o 8 48 3 o 2 T %
M HIER A E R E )R (Zn Pb, Cu Ni Cr As Fl
Fe) V5 4 o3 R bn il . (H B 92 6 - 18 8 4 J& 15 e 2
MIRNGH S5 H(0~ V) Hrh T RbnERN 2 PLI
B2 1), T 2 AR B N Mg 2 28 B 15 Y dR B (Py) B
B, IR R —PE MR R o AN iSO PLI P A
M s E R HNE A S L5875 51 (As Cr . Cu Ni,
Pb fl Zn B9 5 {5 4> 51k 12,60, 70.20,24. 10,
35.20.18. 80 Fi1 68.50 mg kg '), th 5 7% 3¢ i {ii FH
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A oUW R A 22 5. AR SO T
WA R 0 T 75 QPR o AR UE S SCHR [ 5 1A —
FEZESE . (HIE AR SCE SCHRLS T AR RGN TS B 89 X,
1 (L A 30 b3 R P B O 1Y, FURTE B 2O T
el oy b ABTTEAR T SCHRES ] Y B {E

T R E L TSR B, TR R
RBAR w5, T S8 T SR A AR T B 1R A
il R o B LU, X T I0N T X a7 T X AR
JB 15 G 7 M R R, B AL RN LA
R R — b ) AR 7 o AHUJ, T T 3R
R R I FEOR R Z AN, A I E G BT RO
ANEREEE WG, e B Ar e, A 2 5]
e SR 8 o 5 JE R AL T AT R AR B 2 A AL
1556, ERIE WG =7 49 J7 15 #E 47 PR 9F AN 3d A
W, PP A SR o3 9 e 45 2, AT AR K B JR BR- A
XA TT I BE AR BT T X S TS A,
i T Rt — 5T

3 45 ®

FrEATTT £ HE 48 As .Cd . Cr Cu Ni ,Pb Al
Zn (¥ PLL Sy 2,53, Ak R EEG e, FFE T
BTt X, B BN 40 x 1070 ~ 1123 x 107°
m’ kg™ PN 126 x 10 m’ kg x, A KT
N3 3 B YIAH 56, AR 1 AR T 3 14 2 Tl X 1) 7
AU EB 2R B AIG , 2 3 X 1 T V4 35 T 3R X, Ple Vg R I &
(B i iE b MR S E 0. HIEES)E PLIY
X R IEAH I (p <0.01) , P 2Z [H] 1Y 1] )3 J7 7
J PLI = 0.011y,, + 0.320(r = 0.663), R+ 1%
PLI {5 % 3 bR e A LR [l 9 7 A8, 22l i sr 738+
BEAL R 1 875 e 0 bt  x,, <62 x 10 " m’ kg ™',
Toi5 ;62 x 10 7° < x,, <153 x 10 *m’ kg ™', iR E
Y5153 x107° <y, <244 x10 *m’ kg~ ', TS
Ueixee >244 x10 " m’ kg ™' ORBRBEETG YL, TG
M AR I B T R e L &R TS
Yo obn e RIS WA 1, HE P R e D
1) 2 B 5E

[1] HuXF, SuY, YeR, et al. Magnetic properties of the urban
soils in Shanghai and their environmental implications. Catena,
2007, 70(3) : 428—436

[2] LuSG, Bai S Q, Fu L X. Magnetic properties as indicators of
Cu and Zn contamination in soils. Pedosphere, 2008, 18 (4):
479—485

[3]

[4]

[6]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Wi o, 0B 1, Bt . PR AT R)E LIRS E &
JE R AR OGRS . BRI AL, 2013, 34 (3):
1086—1093. Chen X D, Lu X W, Yang G. Correlative study of
the distribution of soil magnetic susceptibility and the heavy metal
contents in Xi’an City (In Chinese). Environmental Science,
2013, 34(3) : 1086—1093

FTb R, SR . TN I X S A R S R A 2 R R
B . HBERY B AR, 2008, 51(3) : 762—769. Lu S G, Bai
S Q. Magnetic characterization and magnetic mineralogy of the
Hangzhou urban soils and its environmental implications (In Chi-
nese). Chinese Journal of Geophysics, 2008, 51(3): 762—769

Wang B, Xia D S, Yu Y, et al. Magnetic records of heavy metal
pollution in urban topsoil in Lanzhou, China. Chinese Science
Bulletin, 2013, 58(3): 384—395

Wang X S. Heavy metals in urban soils of Xuzhou, China: Spa-
tial distribution and correlation to specific magnetic susceptibili-
ty. International Journal of Geosciences, 2013, 4(2) : 309—316
Blundell A, Hannam J A, Dearing ] A, et al. Detecting atmos-
pheric pollution in surface soils using magnetic measurements: A
reappraisal using an England and Wales Database. Environmental
Pollution, 2009, 157(10) : 2878—2890

Wang X S, Qin Y. Correlation between magnetic susceptibility
and heavy metals in urban topsoil: A case study from the city of
Xuzhou, China. Environmental Geology, 2005, 49(1): 10—17
Lu S G, Bai S Q. Study on the correlation of magnetic properties
and heavy metals content urban soils of Hangzhou City, China.

Journal of Applied Geophysics, 2006, 60(1): 1—12

Yang T, Liu Q, Chan L, et al. Magnetic investigation of heavy
metals contamination in urbantopsoils around the East Lake, Wu-
han, China. Geophysical Journal International, 2007, 171(2) :
603—612

Morton-Bermea O, Hernandez E, Martinez-Pichardo E, et al.

Mexico City topsoils: Heavy metals vs. magnetic susceptibility.

Geoderma, 2009, 151(3): 121—125

El Baghdadi M, Barakat A, Sajieddine M, et al. Heavy metal
pollution and soil magnetic susceptibility in urban soil of Beni
Mellal City ( Morocco). Environmental Earth Sciences, 2012,
66(1): 141—155

Canbay M, Aydin A, Kurtulus C. Magnetic susceptibility and
heavy-metal contamination in topsoils along the Izmit Gulf coastal
area and lzaytas ( Turkey) . Journal of Applied Geophysics,
2010, 70(1) : 46—57

Lu S G, Bai S Q,Xue Q F. Magnetic properties as indicators of
heavy metals pollution in urban topsoils: A case study from the
city of Luoyang, China.
2007, 171(2) ; 568—580

Geophysical Journal International,

Karimi R, Ayoubi S, Jalalian A, et al. Relationships between
magnetic susceptibility and heavy metals in urban topsoils in the
arid region of Isfahan, central Iran. Journal of Applied Geophys-
ics, 2011, 74(1): 1—7

B, TN, KA, AF L BERE XK Bk SR Y 25 1]
Oy S RIS R . LA, 2012, 49(1) : 9—17. Li

S, Hu X F, Du Y, et al. Spatial variation of magnetic intensity

http : //pedologica. issas. ac. cn



1248 EE 51 %
of toposils in Jiading District, Shanghai and its environmental im- Chinese). Chinese Journal of Soil Science, 1999, 30(2) : 93—
plication (In Chinese). Acta Pedologica Sinica, 2012, 49(1): 96
9—17 [29] Hadtde, 20, BRatl . LHORHS 2P 0 IR + 3 &
[17] Yang T, Liu Q, Zeng Q, et al. Relationship between magnetic EY AR EAl LIRSt . &k, 2011, 48
properties and heavy metals of urban soils with different soil types (4):743—750. Ma J H, Li C, Chen Y Z. Impacts of land use
and environmental settings: Implications for magnetic mapping. and economic growth on heavy metal pollution of urban soils: A
Environmental Earth Sciences, 2012, 66(2) : 409—420 case study of Kaifeng City (In Chinese). Acta Pedologica Sini-
[18] Jordanova N, Jordanova D, Tsacheva T. Application of magne- ca, 2011, 48(4) . 743—750
tometry for delineation of anthropogenic pollution in areas covered [30] BT, Dygde, Ehix, & . FHWghlE LERESEEY
by various soil types. Geoderma, 2008, 144(3) . 557—571 WPE R AR R . BT RN, 2011, 32(6): 1764—
[19] Wang X S. Assessment of heavy metal pollution in Xuzhou urban- 1771. Hou Q, Ma J H, Wang X Y, et al. Bioavailability and
topsoils by magnetic susceptibility measurements. Journal of Ap- potential ecological risk of soil heavy metals in kindergartens,
plied Geophysics, 2013, 92(5): 76—83 Kaifeng City (In Chinese). Environmental Science, 2011, 32
[20] D’Emilio M, Caggiano R, Coppola R, et al. Magnetic suscepti- (6): 1764—1771
bility measurements as proxy method to monitor soil pollution : the [31] Tomlinson D L, Wilson J G, Harris C R, et al. Problems in the
case study of S. Nicola di Melfi. Environmental Monitoring and assessment of heavy metals levels in estuaries and the formation of
Assessment, 2010, 169(1/4) . 619—630 pollution index. Helgolinder Meeresuntersuchungen, 1980, 33
[21] Schmidt A, Yarnold R, Hilla M, et al. Magnetic susceptibility as (1/4) . 566—575
proxy for heavy metal pollution: A site study. Journal of Geo- [32] %, K25, 2205, 4. WB/REN R+ H 48 ek fb g 5
chemical Exploration, 2005, 85(3): 109—117 LB B s R E TR . ARSI EE 2R, 2010, 19(10) :
[22] Duan XM, HuS Y, Yan HT, et al. Relationship between mag- 2408—2413. Tang J, Tian Q, Li H Y, et al. Determination of
netic parameters and heavy element contents of arable soil around geochemical baseline and pollution assessment of surficial soil
a steel company, Nanjing. Science China ( Earth Sciences), heavy metals in Harbin City (In Chinese). Ecology and Environ-
2010, 53(3): 411—418 mental Sciences, 2010, 19(10) : 2408—2413
(23] JRHWT, S/NE, P . JURTH X 3R 2 @ PR AE K 3R IR [33]  PEFREEWE . PEEECRE M. e, hESRSE
B Bk, 2010, 55(17): 1717—1725. Zhu Y M, Bl iR %L, 1990. China National Environmental Monitoring
Guo X L, Zhou L P. Magnetic properties of surface soils in Bei- Centre. The background values of soil elements in China (In
jing area and their environmental implications ( In Chinese) . Chinese). Beijing: China Environmental Science Press, 1990
Chinese Science Bulletin, 2010, 55(17) ; 1717—1725 [34] FE#hwg. zsWs-HT. dbat. Bl2: W 4L, 2006:76—84. Wang
[24] BRSF, I W, SN, %5, T 9 Gk 2 00 1R 1 4 J F. Spatial analysis (In Chinese) . Beijing: Science Press,
AR LR 48 7n s . L3RRk, 2011, 48(2): 429— 2006 .76—84
434. Zhang G, Hu X F, Wu X H, et al. Vertical distribution of [35] Zhang H, Wang Z F, Zhang Y L, et al. The effects of the Qing-
magnetic susceptibility of the urban soil profiles in shanghai and hai-Tibet railway on heavy metals enrichment in soils. Science of
its environmental implications ( In Chinese ). Acta Pedologica the Total Environment, 2012, 439(11) . 240—248
Sinica, 2011, 48(2) : 429—434 [36] Thadtte, fEaliyh, 2280, 4. PR CEERHS L EE SR
[25]  ZEKRREI, skH e . e i X b e 0 2 M B R R A % 5 G 1 5 1 VL Bl v 4k S 6 M-I P B A ) . - EE 4T,
SC. A HE2%4R, 2008, 45(2) : 216—221. Yuan D G, Zhang G 2007, 38(1): 128—132. MaJ H, Chu C J, Li I, et al. Influ-
L. Magnetic properties of urban subgrade soil and their pedoge- ence of railway traffic on heavy metal contamination in railroad-
netic implications (In Chinese). Acta Pedologica Sinica, 2008, soils: A case study on the Zhengzhou-Putian Section of the Long-
45(2) . 216—221 Hai Railway (In Chinese). Chinese Journal of Soil Science,
[26] XiaD S, YuY, Tian S L, et al. Use of environmental magnetic 2007, 38(1): 128—132
techniques to monitor urban pollution origins in Lanzhou, North- [37] AFAdE. PEEERGMESHREE . db BT B,
west China. Environmental Earth Sciences, 2011, 64 (7): 2003. Lu S G. Soil magnetism of China and its environment im-
1943—1949 plication (In Chinese). Beijing: Higher Education Press, 2003
[27] Et, BEk, auE, 55 22 NI 88 0 Pk A B H X 26 [38] &%, #¥%, whby, 55 . ST R W18 330 3t 3 + g 1k
Ben g iagn . hEFE R, 2013, 33(6) @ 1033—1044. PSR R IR EE R S M BRI 4, 2009, 28(4) : 137—
Wang B, XiaD S, Yu Y, et al. Magnetic properties of the urban 142. Liu Z F, Yang T, Han S, et al. Magnetic susceptibility
soils in Lanzhou and their environmental implications ( In Chi- characteristic and its environmental significance in urban topsoil
nese ) . China Environmental Science, 2013, 33 (6 ): around the East Lake, Wuhan, China (In Chinese). Geological
1033—1044 Science and Technology Information, 2009, 28 (4) . 137—142
(28] Hhadtde, skn, A=W mg . ST 3790 X 4 S I 5 05 e i ) 25 [39]  E2AM. TR JZE £ G JE ey 4 B R AL 5 B 2 e

WEgE . L HEEAR, 1999, 30(2): 93—96. Ma J H, Zhang L,
Li Y L. Soil properties and pollution in Kaifeng City area ( In

b gt A E S R 22 A, 2009. Wang X S. The character-

istics of enrichment and leaching of heavy metals and magnetic re-

http : //pedologica. issas. ac. cn



6 4] X PECH 25 < O T Snl i S A 3R s ) A B B i 9 S AR R T X 1249

sponse ( In Chinese ) . Beijing: China Environmental Science [41] Cornell R M, Schwertmann U. The iron oxides: Structure, proper-
Press, 2009 ties, reactions, occurrence, and uses[ B/OL]. 2003. http://on-
(407 fSTFbe, e, =W, % . KILP FES oy % linelibrary. wiley. com/book/10. 1002/3527602097/homepage/ Re-
7 LRGSR A PR RE A LR . OB, 2000, 18(3) : views. html
336—340. LuS G, YuJ Y, Zhang M K, et al. Environmental [42] -8 . 3L HT . 553 M. dbat. s E AR A,
magnetism of magnetic enhancement for soils formed on Quaterna- 2000:443—480. Bao S D. Soil agro-chemistrical analysis (In
ry sediments in the Yangize River Valley (In Chinese). Acta Chinese) . 3rd ed. Beijing: China Agriculture Press, 2000 .
Sedimentologica Sinica, 2000, 18(3) : 336—340 443—480

SPATIAL DISTRIBUTION OF URBAN SOIL MAGNETIC SUSCEPTIBILITY
AND ITS IMPLICATION AS INDICATOR OF HEAVY METAL POLLUTION
IN KAIFENG CITY, CHINA

Liu Dexin' Ma Jianhua'®® Sun Yanli’ Li Yimeng'

(1 Institute of Natural Resources and Environment, Henan University, Kaifeng, Henan 475004, China)
(2 Key Research Institute of Yellow River Civilization and Sustainable Development, Henan University, Kaifeng, Henan 475004, China)

(3 Department of Urban and Enviornmental Science, Xuchang University, Xuchang, Henan 461000, China)

Abstract The traditional chemical methods, though still commonly used at present, for monitoring heavy metal pol-
lution of soils are both time-and fund-consuming, while magnetic method is simple and inexpensive, and can be used to
detect heavy metal pollution of soils nondestructively, with a soil-magnetic-susceptibility based soil heavy metal pollution
grading system available. For use of that technology, a total of 99 topsoil (0 ~ 15 cm) samples were collected with the grid
method in Kaifeng City ( China) for analysis of Cr, Cu, Ni and Zn with atomic absorption spectrometry ( F-AAS), Cd and
Pb with inductively coupled plasma/mass spectrometry ( ICP-MS), As with atomic fluorescence spectrophotometer
(AFS), and x,, and x,, (low and high frequency magnetic susceptibility) with a MS2 magnetic susceptibility meter made
by Bartington Ltd. , Britain. The ordinary Kriging interpolation method was used to work out spatial distribution of soil
magnetic susceptibility (,, ) in the city. Soil heavy metals pollution was assessed by pollution load index ( PLI). Based on
analysis of relationship between PLI and x,,, a soil heavy metal pollution grading system was established. Results show
that the concentrations of As, Cd, Cr, Cu, Ni, Pb and Zn in the topsoil of Kaifeng are 6.31, 1.05, 53.11, 36.40,
23.87, 36.71 and 164.03 mg kg ', respectively, and in line with their contamination factor values ( CF), the heavy
metals follow an order of Cd (10.48) >Zn (2.28) >Pb (1.68) >Cu (1.51) >Ni (0.81) >Cr (0.80) > As (0.65).
The average PLI of the 7 heavy metals in the samples is 2. 53, indicating that as a whole, the soil is moderately polluted
with heavy metals, of which cadmium is the major pollutant. Soil ,, in Kaifeng varies in the range from 39.97 x 10 *m’
kg 'to 1123 x 10 *m’ kg ™' with an average of 125.7 x 10 *m’ kg ™', while x,, does in the range from 0. 61% to 5. 94%
with an average of 2. 82% . The spatial distribution of soil y,, in Kaifeng City has three major characteristics, i. e. 1) Soil
X.r displays a declining gradient from southeast to northwest; 2) A fairly large tract of the northern part of the old city dis-
trict (within the ancient city walls) ; and 3) A few fairly high peaks of soil x,, appear alongside the Longhai Railway and
are mainly distributed in the vicinity of the railway station and the east and west freight stations. Moreover, the contents of
As, Cd, Cr, Cu, Ni, Pb and Zn in the soils and PLI are significantly and positively correlated with soil x,,, and the
heavy metals display an order of Zn > Cu > Cd > Pb > As > Cr > Ni in terms of degree of the correlation, but contents of the
heavy metals are negatively or poorly related with x,,, suggesting that the pollutants in the soils of Kaifeng City are closely
related to all sorts of human activities. Dust from industrial production processes, exhaust from running vehicles, abrasion
of aged pavement and stacks of solid waste, all are sources of large volumes of magnetic particular pollutants, which ulti-
mately settle down into the soil with atmospheric precipitation or surface runoff, thus not only causing rise of heavy metals
contents in the soil, but also enhancing magnetism of the soil. A significant positive relationship (R’ = 0. 814, p <0.01)
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is observed between PLI and x,,, which suggests that soil x,, can be used to grade or evaluation soil heavy metal pollution
in the city, and a regression equation, PLI = 0.011x,, + 0.320 (r = 0.663), is developed between the two parame-

1

ters. When soil x,,is <62 x 10 "m’ kg ™', it means that the soil is not polluted; when soil y,, is 62 x 10 * < y,, <153 x

10 *m’ kg ™', it means the soil is slightly polluted; and when soil x,.is 153 x 10 ° < y,, <244 x 10 *m’ kg ', it means

the soil is moderately polluted; and when soil x,, is >244 x 10 *m’ kg ', it means the soil is highly polluted. It should

be noted that the grading is tentative and further studies should be done on its universality.

Key words Urban soils; Magnetic susceptibility; Heavy metals; Spatial distribution; Pollution grading
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