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Abstract In oxder 1denufy the main sources and pollution degrees of heavy met’r% in farmland soil around the Tongshan mining area, 361 surface soil (0-20 cm) samples
were ollectedd and measuréd for the heavy metals Ag, Cu, Ph, Zn, Mo, Sb, Ba, As, and Hg. The source analysis and spatial distribution characteristics of the soil heavy
metals in_the study area were analyzed using the combination of a PMF model and IDW interpolation. Based on the traditional matter-element extension model, the Hakanson
toxicity response coefficient and modified weight coefficient were introduced to evaluate the pollution level of heavy metals, and the evaluation results were compared with those
from the Muller index (/,,,) and Nemerow comprehensive index (Py ). The results showed that: (D the mean values of w(Ag), @(Cu), @(Pb), w(Zn), w(Mo), w
(Sb), @(Ba), w(As), and w(Hg)were 0.05, 19.32, 23.34, 62.89, 0.97, 0.87, 542.56, 8.88, and 0.07 mg-kg ™", respectively. Zn and Hg were higher than the
soil background value of Henan Province but lower than the soil pollution risk control value of agricultural land. The nine heavy metals in the soil of the study area mainly
showed island and sheet distribution in space. @) The evaluation results of the matter-element extension model with a modified weight coefficient showed that only 6. 37% of the
topsoil in the study area was previously clean soil, 89. 75% was still clean, 3.32% was slightly polluted, and 0.277% was heavily polluted, and Hg was the main polluting
element. The evaluation results of the matter-element extension model with the modified weight coefficient were roughly the same as those of the Muller index and Nemerow
index methods, indicating that the matter-element extension model with the modified weight coefficient could be used for the evaluation of soil heavy metal pollution, and the
evaluation results were accurate and objective. (3) The heavy metals in the farmland soil around the Tongshan mining area mainly came from the mixed source of pesticide use
and mining development (18.79% ), the mixed source of agricultural activities and natural parent material (22.02% ), the mixed source of fossil combustion release and
agricultural activities (15.57% ), the emission source of mining development (11.06% ), and the mixed source of transportation, natural parent material, and mining
development (32.51%).

Key words: soil heavy metals; source resolution; PMF model; matter element extension model; toxicity response coefficient
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(1 + e 5 4 J@ V5 e PE M AR o (AN 1) B PR
PRUEST A S 9, BRI . MIE T . BT YL
RS MR G Y. T SR A R Y
SoE R ERRAE, DHDVEERER 0.3 15 LR
B, ML AR ER 0.7 5 ERRAE, IV LA
EEbRE R DBRAE, VRS ERIER 1.3 548
- FRAE.

F1 HEESESLENFA mg-kg !

Table 1  Evaluation standard of soil heavy metal pollution/mg-kg~

1

=3 w

ERAT Ag Cu Pb Zn Mo Sh Ba As Hg
Bk 1 0.07 22 23.6 61.5 0.57 0.9 502 10 0.025
i R I 87.6 120 150 150 139.5 12 1 668 12 0 15
BTG 204. 4 280 350 350 325.5 28 [3892 28 7 705"
PRGN 202 400 500 500 465 40 5560 40 sl A 5k
HEFREV 379.6 520 650 650 604.5 52 7728 52 /1,95,
1.4 I5iasok 1, <SCHBEVGY) M =5 (BamE sy, /o

BOVTh,,) B DU T 90T 2 RS J P
b el 4+ I s e AP i
Py Al 1 KHRHLTI R0 1 - e T 1 e 17
Y, P R A T 28 50 ) T

Fy R 5 T St .

“ A N NS N - w -
1.4.1, Nemera CRATT YR EL(Py) il

Nemera Z55 15 YL 8 802 ( Py) X} HIgEh ZFhE

SRS Y AL AR 0 T AT T

Py = JL(C/D),, + (C/D) 172 (11)
Ko, PN HIEERE SR AT YR EUE, € R i
o - 4 o 4 (R SR (L, D, SR i Fh R 4
o X R A £ PH T AR A ARl Py (B A A/
PR IR S BTG YK 5 G, Py <0.7(%
). 0.7<P<1(ZWME). 1 <P, <2(8%E5
Ye) 2 <P <3(HEETSYY) | Py >3(FEETGYY).
1.4.2  Muller 8503 (1,,,)

Muller 48535 (1,.,) RALFESF %18 T H A ML
RN - B AR T S E R R, B EE R T
NG SRR 2, HF k= .

I, = log,(C/K x D,) (12)
b, 1 o BBUERUE, ¢ 05 i Fh AR
FISEINAR BEARL, D, e i A 58 4 Jm % A5 FH
WA, K BIERB(K BUE 1.5)7.
Muller F8E0EPFMAFRANT 21, <O(TEI5HY), 0<
L, <VCBEESYH) (1<I,, <2(BPEGGR) . 2<
., <3(CPEEEY)  3<I,, <4(TSREETSY)  4<

Nemera %3 ﬁ‘{’? P8 HP (Py) M Mulllep.- & :

-
=

A
)

1.5 PMFRE V¥ 4 | P

mi%m%@%ﬁ%umnﬁmmmﬁ;g
B L7 6 e 0 4 -+ 8 T R A R O fi
BE7) . PMIF A LR A 05 1ot P e

PSR TR IR | 5 ik 0 45 15 Y U 5T R 5 —

g K i B T R, Paatero 2598 T+ 1994 4F 7 42

PMF HE i R A, 5 H At 77 vk 22 R 76 T, PMF £t
R AL A T 00 i 5 5 R 22 00 A, O HLAE
SR gt ast A R X PR B A AT AR TR 2R, R U
FEENA A3 Mt o ELS PR B . PMF R
(RGBT S A JRUEL AN 1 e ot VA B B A 2 S,
AT LA R R -3 B B A R B 4R [ B, A
BRI 6, HIEA TR

P
S, = ZAz/ x B +0,
j=1

(i=1,2,myk=12,.n) (13)
A, S, N L AR SR BN IS YR TR A,
NER i AFE AR j A TR TR, B BUE R B, R
55k AN T5 Y R AR S TR b DTk B R UE 2K ey
Mk & , R ZEHEIE.
PMF #5753 R S F AU /N — T ik e &2 itk
ATIRACT R 2 W o ff D af R B, A5 B R LA FE A A
B, TS5 2 /N AR pREL Q

(14)
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K, Q HEBERE, w, W i DD E S
Y R R BE AN s MR AR
w, =0.1S, + MDL/3 (15)

Ao, MDL 45 ot i ar I PRAEL, S, oy - 4980 it v
HERWE.
1.6  ZdEaba

WFoE X R 2 L E 48 & BT Hrfns Jeir
#r1E SPSS 26, Excel 365 Fll Origin pro 2021 {4+
AT, TR 48 IR A% AT R EPA PMF 5.0 K44,
FEHFIH ArcGIS 10. 4 #ExT + 3 H 4 @ ¥EAT IDW 4
{EA5 325 [8] 4345 , B¢ 5 Al Adobe illustrator 2020 Xt

PG T Ak P,
2 #R5itie

2.1 HEFESESENSITEHE

Ml w(Hg) HE 514 0.05 . 19.32, 23.34 ., 62.89 .
0.97.0.87 ., 542.56 8.88 #10.07 mg-kg ™' (2).
Horpr, +58 Zn | Ba F1 Hg V-S4 (B[R] A5 B2 bl &t 1]
M T S, 5 A R RS S E Y LU (E
311,02, 1.08 F12. 58, #5358 A RE & L4
539k 42. 66% . 46. 81% F178. 39% , (H AR 1 & H
b BT G XU i e, SR 28 4 T0 TS G XU 45 4. F
REW, HEEENEFREKT 0.5, WHHZE
G @ T S Al A AN A) A TR G i KU, A
AIRESEAME Y B A BTSN BT, AR R R
ERHT, RS2 A T ™ & R X LIRS
7 S R B K /NN Hg (1.31) > Ba(0.83) > Cu
(0.81) >As(0.70) > Ag(0.49) >Sb(0.44) >7Zn
(0.40) >Pb(0.39) >Mo(0.36),H:i Hg, Ba, Cu

il As 7SS R BN R T 0.5, H Hg AR HOK

MRKERE+EELE 0 (Ag) . ©(Cu). T 1, ATRESZENRL . BHER LR AR a1

@(Pb) , @(Zn), w(Mo), w(Sh) ., w(Ba) . w(As) M. i e
®2 WRRRETWESEEBLEH(=t6h) | | ' 4
Table 2 Statjsfigs of hedvy metal content in topsoil of the gtudy aream=361) F

5iH Ag Cuf Ph & ~"n Mo /sy IBa As e
5 lrmg kg™ 10.07 22 71286 F 7615 1.57 ' 4109 502° 10 0,03,
IR/ mg-kg L 4] 4 0.03 oW s o1 S oop | # i 0.2 . __0.002 &
TR/ mg-kg W | 4 0.05 19.3255° 1 23734 60, 89 0.97 0.87/ . 54.56 8.88 0.07 &
PR /mg-kg ¥ T 7 0.03 15,690 /9.14 4 25.36 0.35 / W03 | 4479 6.25 =, 0.08
I KB/ mg - kg 7! 0.2 153,21/ Moz 7 | 250.2 277, % 2.49 3784 61.49 0,71
M/ mig ke 0.02 59" 9l18’  30.69 0.3 073 106. 6 0.98 0.003
BREEHY 0:49 0.81 0.39 | 0.4 0.36 0.44 0. 83 0.7 1.31

| . - - ___,,-“

N R BT T 4 A 2 S5 A S, Ag 0.051
I, R ArcGIS 10. 4 1) Spatial Analyst T E X} 4 Cu 22.37
Ll DX A FH 3R 22 4 398 o 4 J R AT 0 A, 45 2 Pb 23.74
FEIX LA 4 Ja 1) 23 (E) 20 A (P 2) 0 BRI 1 Zn  66.01
KB I L HE 9 iR 4 Jm 5 25 1] b 52 B IROR R, = Mo 0.902
SR, Herb He . Mo R B 20 A FL 41k, HE Sh 1.103
R 43 i e L DX AR P AR AT Y DX RY A T A R Ba 706.1
i, R DX g S R A A A 1 bRl LR As 13.22
WAL TET X T 8 S Cu, Ag A Ba (8 3% Hg 0.082
s, WA LA IF RS X S % 2+ 4 JE ()W 1 S Z MR RE R(1) . R(2) .

T HA —E RS2 A .
2.2 RETHEELSRIGITEMN
2.2.1 Worl s prikE A IR 15 Yo

ARSLH IR A THFSEIX 361 K JZ HIERE ST
TESE A I B — A RAE L AL B4 T3
KRR AL B4 H 48 (Ag. Cu, Pb, Zn, Mo, Sh,
Ba, As Fll Hg) & & 43414 0.05, 22.37, 23.74,
66.01, 0.90, 1.10, 706.1, 13.22 #l 0.082
mg-kg .

(1) BfxE Al PRI TCRERE R

R(3).R(4)  R(5) M IEIE R(p) :

S, Ag (0,0.07)
Cu (0, 22)
Pb (0, 23.6)
Zn (0, 61.5)
R(1) = Mo (0, 0.57)
Sb (0, 0.9)
Ba (0, 502)
As (0, 10)
Hg (0, 0.025)
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ofAg)mgke™! a(As)/mgkg! a(Ba)/mg-kg™!

B 0.029~0.037 5 0.055~0.061 B 3.805-5.794 [ 10.268~11.815 B 210.408-346.147 B 611.005~700.394
B 0.037-0.045 B 0.061-0.067 I 5.794~7.506 B 11.815~13.914 I 346.147~448.780 WM 700.394~816.269
01 0.045~0.051 I 0.067-0.081 [ 7.506~8.887 I 13.914~17.892 [0 448.780~528.237 I 816.269~1 054.641
L 0.051-0.055 [ 18.887~10.268 [ 1528.237-611.005

o(Cu)/mg-kg™! aHg)mgkg™! o(Mo)/mg-kg™!

B 5.241-11.745 [0 22.257-25.986 B 0.017-0042 [ 0.091~0.111 B 0.675~0.835 B 1.072-1.193
I 11.745-15.475 I 25.986~30.394 B 0.042~0.057 M 0.111~0.133 B 0.835-0.919 B 1.193-1.327
71 15.475~18.979 B 30.394-37.063 [ 0.057-0.073 I 0.133-0.173 1 0.919-0.988 I 1.327-1.506
[ 118979~22.257 0.073~0.091 [ 10.988~1.072

R

o(Pbymgkg™! a{Sbymg-keg™! 4 a(Zn)/mg-keg™!

B 15.193-20405 [ 26.258-28.544 B 0499-0687 [ 0.982~1.086 I 41.067~50.404 [ 68.663~74.265
B 20.405~22.234 [ 28.544~32.019 B 06870787 N 1.086~1.250 B 50.404-57.251 N 74.265-80.697
2223424246 WEM32.019-38512 [0 0.787-0.887 [ 1.250-1.517 [ 57.251~63.001 [ 80.697~93.976
[ 124.246-26.258 [ 10.887-0.982 [ 163.061~68.663 0 500 m

Fig. 2 Spatial distribution of soil heavy metal content in the study area
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S, Ag (0.07,87.6) S, Ag (204.4,292)
Cu (22, 120) Cu (280, 400)
Pb  (23.6, 150) Pb (350, 500)
Zn (61.5, 150) Zn (350, 500)
R(2) = Mo (0.57, 139.5) R(4) = Mo (325.5, 465)
Sh (0.9, 12) Sh (28, 40)
Ba (502, 1668) Ba (3892, 5560)
As (10, 12) As (28, 40)
Hg (0.025, 0.45) Hg (1.05,1.5)
S, Ag (87.6,204.4) S, Ag (292, 379.6)
Cu (120, 280) Cu (400, 520)
Pb (150, 350) Pb (500, 650)
Zn (150, 350) Zn (500, 650)
R(3) = Mo (139.5, 325.5) R(5) = Mo (465, 604.5)
Sh (12, 28) Sh (40, 52)
Ba (1668, 3892) Ba (5560, 7728)
As (12, 28) As (40, 52)

Heg (0.45,1.05) He (1.5, 1.95)
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S, Ag (0, 379.6)
Cu (0, 520)
Pb (0, 650)
Zn (0, 650)
R(p) = Mo (0, 604.5)
Sh (0, 52)
Ba (0, 7728)
As (0, 52)
Hg (0, 1.95)
(3) ELEJRHFEMEIE

PR IX Y 9 Fh 4 JE oo R A AL Geis Yy i
B BORA T (A F (B LA K 5 | A B vy 2R B0 A 7
BIERACEM TR (B 3) i E T E 4
JEICEME S KA T BEMAE1L. Bk Ba, Cu, Pb
il Zn 3X 4 P 4R C R4S S MBIERGE W, /N TE
GLiG Ry ARG BORA L A AR (E W, LASE, %
&35 4 74. 65% . 38.87% . 40. 65% #i1 88. 07%,ﬁ
4% Ag. As. Hg, Mo Il Sb % 5 Fhdi 4> }%m’%ﬂﬁﬂ*ﬂz
Je AU R 3 A AN ) e JEE E’Ji"jc,ﬁi‘ fﬂmﬁmﬂ
As <Mo < Ag ¢ Hg & Sh, Hir As B9 54 05 %/}% g5
10,079, Sh fHf R, 25 354, 37“*}@1%\ £
%I/\T Hakanson % iﬂr]r“%éﬂﬂ?%ﬂ/)%ﬁ%ﬁ

FBUBAE L, TEPEROR | 12 7 5 o SR (L A 6 R ol
KR, W AEA FUR T G 8 351 9 S, [R] e
EILMZIHMHE%‘E%%M&EE@%%,*HXU‘T%%B’\J
P AR i B RS PR

(4) I ER

WRIEAK(4) ~ (7) 5 361 A FFIH LK
TRV F LA IR RIBOE K, (@), Z(EBR,
FORZIG RN T 5 PP S5 G J9 B g X T A
— W0, AR TS BRI BE AN ], e b e A5 210 11
TGP R A AR, R AR R A AARAE. 74
WA A (8) 4G ERB IERE IR A Y ITLE S
RIRBEFF AT P E.

DIRE 5 AL g ), 25 5 48 A5 S R EE AR

-0.239 890, 0.013 981 . -0. 322909
~1.465763 . -2. 079812,ﬁ43r;k2% E;%f“

max | K, (S)|/=0. 013 981, thtt_fuéfu;a Jﬁérﬁ Al
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Fig. 3 Comparative analysis of weight values of soil heavy metals in the study area
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Fig. 4 Spatial distribution of heavy metal pollution grade evaluation of topsoil in the study area

2.3 HIEESEAHCHE T

FIHZ 68 B ik SPSS 26 X5t X 361
ANZR)2 - HERE S 0 EE A R O SR A T A S
HT(F3). HEEE SR RIEE L2 M O S B
S S JE R R  E EKE. A R, £
e 4 Jm Z A AH OC R BB, IR [ Rl — 15 L i iY

AIBEPERUE A, 75 WA 0] GEAFAE 215 YR A
3 A LIAEH, Cu-Zn, Pb-Sh-As . Zn-As-Sb il As-
Hg Z A YA S R B R T 0. 6, Hild 0. 01 K-
) 02 P AG B , 150 I A S i 4 B A A W] s YL R O
HTREAFEE A5 Y% Ba 5HADTE £ 8 AH A
= VLT H At 5 43 JE SR A [,

®3 ITEESEAXMRHY

Table 3 Correlation coefficient of soil heavy metals

Ag Cu Pb Zn Mo Sh Ba As Hg
Ag 1
Cu 0.281 " 1
Pb 0.559 * 0.568 = 1
Zn 0.492 0.615 ™ 0.723 1
Mo 0.287 ™ 0.179 ™ 0.230 0.235* 1
Sb 0.555* 0.590 ** 0.721* 0. 650 ** 0.334 ™ 1
Ba 0.169 * 0.252* 0.318* 0.246 " 0.013 0.173 ™ 1
As 0. 445 0.576 ™ 0. 608 ** 0.638 ™ 0.318 ™ 0.846 ™ 0.179 * 1
Hg 0.364 ™ 0. 436 ™ 0. 466 = 0.597 = 0.282" 0.593 ™ 0.189 ™ 0.612™ 1

1) " IR P<0.05, ™ FRIR P<0.01
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. ‘.l,a"
pred.rcled vdlue of soil heavy metal c0n1enl el _.-’

Gieh 7 R w7 Vit

Ag ~0/395 0.323 0.03
_#Cu 0. 635 0.558 | SN 7.46‘

Ph| | @786 o670, [ 6sd
INAN g O o 769 , s |~
/o 2 # oles1 0. 601 0. 35t

Shi 0868 0. 889 0.08

Ba 0.999 1.011 -5.25

As 0.973 0.905 0.77

Hg 0. 998 0.985 0.00
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A/ﬁ r 1

T4 i%@aﬁm%ﬁ Hg, T ﬁkfxfr
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Sebkge 2z, RUL Al Sk B Ba S —AN75 YL TR, AU
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