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Abstract: This paper is the result of environmental geological survey engineering.

[Objective] The study area is located in an important coal and agricultural production area in eastern Yunnan Province. It is of great
practical significance to understand the spatial distribution characteristics, potential ecological risks and pollution sources of heavy
metals in soil of coal mining area for ecological environment protection and ensure agricultural security. [Methods] Based on the
grid distribution point method, 497 soil samples were collected in June 2021 in typical coal mining areas, and soil pH, SOM, As, Cd,
Cr, Cu, Hg, Ni, Pb and Zn were analyzed. The Pollution Load lindex method (PLI) and the Potential Ecological Risk Index method
(PERI) were used to evaluate the status of heavy metal pollution and potential ecological risks. The potential sources of heavy metals
were analyzed by using Principal Component Analysis (PCA) and positive definite matrix factor analysis (PMF) models. [Results]
The soil is mainly acidic, the average pH value of the soil is 5.39, and the average of SOM content is 1.20 times that of the
background value for soils in Yunnan Province. The average and median values of Cr, Cu, Cd, Ni, Zn and Hg contents exceed the
soil background values in Yunnan Province. The vast majority of sampling points have Cd, Cu, Cr, Ni content exceeding the risk
screening value, accounting for 94.97%, 93.96%, 91.35%, and 79.28%, respectively. A small number of sampling points have As and
Cd content exceeding the control values, accounting for 0.20% and 1.41%, respectively. The evaluation results of the PLI showed
that the study area as a whole shows slight pollution. The evalution results of PERI showed that the overall risk of the study area is
moderate. The results of the PCA and the PMF model analysis showed that soil heavy metals in the study area are mainly derived
from the geological background, followed by agricultural activities and atmospheric deposition. [Conclusion] The potential
ecological risks of Cd and Hg in the soil of the coal mining areas area relatively high, and the heavy metals in the soil mainly derived
from the geological background, followed by agricultural activities and atmospheric deposition. It is suggested to strengthen the
monitoring and management of related polluted land, reduce the unreasonable application of farmyard manure, and strengthen the

supervision of pollution from coal industry activities.

Key words: coal mining area; environmental geological survey engineering; soil heavy metal pollution; ecological risk assessment;
pollution source

Highlights: (1) It deepens the understanding of the distribution characteristics and potential ecological risks of soil heavy metal
pollution in typical coal mining areas in eastern Yunnan; (2) By comprehensively utilizing methods such as correlation analysis, PCA
and PMF model, the sources of heavy metals in soil were quantitatively identified, providing a solid basis for the prevention and
control of heavy metal pollution in typical coal mining areas in eastern Yunnan.
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Table 1 Reference standard value of soil physicochemical index

_ IS i 366 {6 /(mg/k B HIME/(mg/k =BT
TE i (mg/kg) il {5 /(mg/kg) ey
fabr KB pH<S55 55<pH<6.5 65<pH<7.5 pH>75 pH<55 55<pH<6.5 6.5<pH<7.5 pH>75 (m”g;kg)
JKH 30 30 25 20
As 200 150 120 100 18.40
oAt 40 40 30 25
JKH 0.3 0.4 0.6 0.8
cd 15 2.0 3.0 4.0 0.22
HAth 0.3 0.3 0.3 0.6
K H 250 250 300 350
Cr 800 850 1000 1300 65.20
HoAth 150 150 200 250
150 150 200 200
Cu R — — — — 46.30
HAth 50 50 100 100
- K H 0.5 0.5 0.6 1.0 20 )5 40 60 0.06
€ Hfh 13 1.8 24 34 ' : : : :
Ni ARG 60 70 100 190 — — — — 42.50
JKH 80 100 140 240
Pb 400 500 700 1000 40.60
HAt 70 90 120 170
Zn  AX% 200 200 250 300 — — — — 89.70
SOM — — — — — — — — — 3.89
pH — — — — — — — — — 5.70

e ZHELEE RE TP pHLEN . SOMBALNY%: KT HIEIRE L sPnsg bR H 375 Qe XU 2 pn il G

7)) (GB15618-2018) -

x2 T REERETEETSNR S RirE

Table 2 Classification criteria of potential ecological risk of heavy metals in soil

B8 A Y6 BTSSR ZH WAV LRA A A R S5 )
E<40 =33 RI<150 B
40<E<80 gk 150<RI<300 &g
E 80<E<160 i RI 300<RI<<600 G
160<E<320 RBR RI=600 TRBR
E=320 S

http://geochina.cgs.gov.cn H1 E M1 5T, 2024, 51(1)


http://geochina.cgs.gov.cn

511

FEWT A TR SORLED™ X o i A 2 XU SO DA A 331

B SUE; TONESTE (RN R,
4 )8 # MK ST 4 : Hg> Cd> As>Pb=Cu=Ni>
Cr>Zn, 4 EEER R 2 5Ch: Hg=40, Cd=30., As=
10, Pb=Cu=Ni=5, Zn=1 fll Cr=2( . B 74§, 2021) .
CEATWEAS N FEEC(RD H& A —E & B A
DN REOMAE R -5 4 R e AE S
TFRARENFE 2,
2.5 PMF #&3Y

PMF #% %1 5 i Paatero and Tapper(1994) &
BT PR 20 T B A ) — R g b 1%, 38 2ot /)
T FERTT R, AN W a3 7 AR A R N T A
B EAAR (PMVIEAE, 2021 ), SR AfEA 78 s PR 28 far 1
R4 53 YRR T 2 o, A5 380 A 3050 403k 05 BT
ik 2R ELAT W] i B A B A Y 9 B X (Chueinta et
al., 2000), AR R:

P
X = Zgikfk_/ te; (5)

K=1

» 2
0 om -xij_zgikﬁcj

0=y | —F— (6)

=1 j=1

Unc=0.1C+MDL/3 (7)

X (5) . (O FI(T)H, X, S i ARG j FhoT
TR LSV £, 3k ANURER j e 4 T v B AL P
G FER K ATEXSER £ AFE R I TTIRAS e, R AR 220
W 5wy, SRS i SRR AR R < B B 22 R
FoUEk AN PMF LA, O SfeIME B
PREREL, Unc S5 i AR SR j i B I A B JiE

(Reff et al., 2007), C A5 & H3EHILE S &, MDL
SRICEAG N 5 S R o

3 4PRETHE

3.1 TIEEBLIER

58 X £ 37 As, Cd. Cr. Cu. Hg. Ni, Pb,
Zn, SOM Fl pH MIGETT45 R WK 3. 145 pH 11
B R 5.39, BAR RN, INT o m A LT =l
SOM F P ¥ME & A TS 5B 1.20 £
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i o X b = 1 JRURS: i 255 {145 1 1B, B Hg. Pb 4,
Cd. Cu, Cr, Ni, Zn F1 As #8 1= XU 07 & 18 (1) Eb 9]
31K 94.97%. 93.96%. 91.35%. 79.28%. 3.42% I
3.22%, AT HR AT HE AL As, Cd & i M HIME,
B4 518 0.20%. 1.41%.

A5 RECHRME 22 5 BE R HE, 2R R
BOBK, W] fE 2 B N 8IS 3l 52 e s () W] A
2022) . WA REORE, WF5 X + 3 4 8 25 A
G3 A R R ZR e AR S, o As, Cd. Hg #il Cu 722
SZBU M 280.19%. 98.09%. 91.92% Fil 74.52%,
2 [a] o3 5 R . 28 5 R BT As>Cd>Hg>
Cu>Cr>Pb>Zn>Ni,

3.2 ZES TYFE

i ArcGIS H S #E B A E i 0T 1 e H 4w ik
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Table 3 Mathematical statistics of soil physicochemical indexes

e WK RN RE PR e BSAR  BamAT  @ARIER @R
ORI (mgikg)  (mghkg) (mgkg) (mghkg)  (mglkg) % AT R % % %
As 556.00 0.88 5.14 10.05 28.16 280.19 9.46 3.22 0.20
Cd 8.75 0.13 0.57 0.68 0.67 98.09 99.60 94.97 1.41
Cr 577.00 123.00 223.00 25391 95.15 37.47 100.00 91.35 0
Cu 1344.00 42.80 155.00 166.70 124.22 74.52 99.40 93.96 0
Hg 0.77 0.01 0.06 0.07 0.06 91.92 40.85 0 0
Ni 168.00 38.30 80.50 81.49 15.07 18.50 99.60 79.28 0
Pb 66.10 7.71 24.30 25.24 7.54 29.86 3.62 0 0
Zn 250.00 70.90 144.00 145.21 27.75 19.11 98.19 342 0
SOM 20.26 0.34 4.24 4.67 23.38 50.10 56.94 — —
pH 8.19 3.84 5.10 5.39 0.86 15.95 29.58 — —

Ee BKME. BAME. AL PIME. bR Z T pH R SOMEALN%.
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Fig.2 Distribution of heavy metals in soil and strata in typical coal mining areas of eastern Yunnan Province
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Fig.3 Spatial distribution map of pollution load index
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Fig.5 Spatial distribution of comprehensive potential ecological risk index of soil heavy metals (a) and contribution rate of soil
heavy metals (b)
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Pk, S MR LS. SOM 5 Pb 1 3 IEAH
K(P>0.01), X RECH 041, pH 5HE4JEZ ]
FHE R B LN

3.4.2 EREGHT

F A AT A R ) 2, B LA S
T RAREZEE, LA 2R KRR
S As B AE B, A U 13 A R R IR 1 T vk
(%, 2022) . a0k 5 B, M R 22 0 A
YR PR AT eSS , U 5 MNMREIEE R T 1 A AT
4y, BT AR L F] 86.56%, 1] LA - i it Be i AT
afE .

S—F RS As, Hg Ml Cd Ak, 505
4 0.90, 0.86 F1 0.51, As, Cd. Hg #545 #H%F = {8 X
R A A, S50 O 4L Rl dlsr A X RS, Hop
F O NRIRER A, Bl R B v, §ir AR5
IR, BRTRER 75 AN B A0 0T e Wb a3 A AR £

&4 TERUIEIRERES T

Table 4 Correlation analysis of soil physicochemical indexes

JUER IR As cd Cr Cu Hg Ni Pb Zn SOM pH
As 1
cd 0.29 1
Cr 0.09 0.19 1
Cu -0.10 0.11 0.21 1
Hg 0.65™ 0.52" 0.07 -0.08 1
Ni -0.07 0.03 0.45" 0.12 -0.15 1
Pb 0.22 0.30 0.02 -0.09 0.38" -0.25 1
Zn -0.05 0.16 -0.03 0.03 -0.01 0.55" -0.01 1
SOM -0.04 0.13 -0.19 0.01 0.23 -0.28 041" 0.08 1
pH 0.17 0.26 0.14 0.04 0.15 -0.12 0.14 -0.05 0.08 1

VE: R AE0.01 Z (R, MR E.
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Table 5 Principal component analysis results of heavy
metals in soil

) D%

LR 1 2 3 2 5
As 0.90 —0.08 0.06 -0.03  —0.11
cd 0.51 0.23 0.08 0.50 0.32
Cr 0.07 -0.01 0.96 0.06 0.13
Cu -0.07 0.00 0.11 -0.06 0.95
Hg 0.86 -0.02  -0.02 0.30 -0.01
Ni -0.07 0.71 0.57 -0.25 0.00
Pb 0.13 -0.09  -0.01 0.91 -0.12
Zn -0.01 0.96 -0.08 0.06 0.02

LRI 1.85 1.48 1.28 1.26 1.06
TIHR /% 23.15 18.49 16.02 15.20 13.20

RETTIRZE/% 2315 41.64  57.66 7336  86.56

SEE SR A, RS E S (A B
X (%) B R PR R (5K [ 5 4, 20165 DR R 4R,
2020; RFEASAE, 2021) o BRAEXS R {E X A1, Hofth X
B As. Hg 25 [0 43 A0 45 ¥ 5], vl figsz 2012 345
FIRSDIESE I . HARFSE Bos, X222 LR
Fo ), R As B R G ERIEZ, 2004),
FLIX PR Tl & ik, A 7= ol R Hh 7 B e
Vi ] RN JEURE, SR B 2 A KA As, Cd,
Hg 55 5 4 J& 103K (BRI A, 2015), HE R
wHt R AR KA KRR AESR
(RG4S, 2019), XLy ik AR, S8 TR
A4, SR EEESE R FHIHEN As,
Hg £ ZZ R KAV, Cd #8552 BRI
SR S — TR ORI, BTk N 23.15%.

5 T E R Zn, Ni gk AT RO, 0 BN
0.96. 0.71, Ni ZpAdeyys), 25 [\ LA R EIX 5%
IS LE Figk FE 1112 % 12 0 A X AR, Zn A v
1B X 50 L& RS e AL A XS . 9T
R, ZRAESHET W Cr, Cu, Ni, Zn %
o B T 2K ] B B i gk v (52 0 R AN
1993), & L4 P o 2 B IE T JE 1l 2 A KAk
)5 (Zhang et al., 2010) , PRIIAHEDN Zn 3= 2 5Z 5] gk
JE LA, Ni 532 gk 1L 2 A s 5
TR IRE I Z B AR, STERRN 18.49%

55 = R4 Cr. Ni g i K, 20 5k
0.96. 0.57, Ni /£ 55 — . = W/ ¥ BR Eifi .
Cr 25 A AR IE 5 Rl B A, HF5E Bon, /Al
KA A A B YA KRR E AR A, Y TOR TR
T Bt 1 m sk X i, T L B Cr,

Ni &858 A PR E AR M A A X (Y m
4, 2021); Ni, Cr AR B X 5340 FEAETE CAlIDCZH
O3 A XA AN . 65— E M A s R, 1
M Cr 3232 3] ALSC LR A R, Ni 325252 5
KA S R 1 e SR R 5
T M E A AR, TTHR N 16.02%.

50U FE RS Pb, Cd Al Hg 25K, 4051
47 0.91, 0.50, 0.30, Cd 7E55— ., MU E WM AER
#far . Pb 5 Cd. Hg 5 43FH X &5 8 X 25 8] 437 4
P, 7 AL RILALs A X, Bk 2 b, HoE Al
XA X 5 AN A KRG S X E A
7 AN AT K BT X AR B A R AR L A, 8%
R R B A 5 A 3% i W N A 5 75 K K 4 P A BRBE )
AR s, IEE (IR, R FNE) &5 A =
&8, BT XTI A P2 A A 1, ARIE p 4
J& & AT B AR AR, AR MR A M+
e 48 FEOR I Z — (B SCHESE, 20205 £32% FHAE,
2020), BRAEEUZ A HRERS | A 30 b 3 RN AR 1 Vs Akl
HE4RICE (A, 20205 TREERSE, 2022), A2 1%
R A2 B KR IE AR, RO A bR AR A+
e, BEs AR TR 5K ARSI 4, A —
F AT AE S, I Cd., He 32852 3 R TR
TR ARy S A6 52 A IR AL R 2 I, Pb =22 R R0
MAEE AR 5600 R0 Aol 54EE R
IR, TTRE R 15.20%.

SR ER S Cu BT K, H 0.95. CufE
MR XN mFE A R SERARE, A A
DX 2 ASOPR T A S AL M 2 40 A, BRI RS A R T T
K, W AME At & U R DG A b 2 53 A 1 i 2
T, T AT WA, T BO R R R X A 32
B, W s, RS 1L XA Cu R,
WAL B 8 A B B ) iR sk, XA X
e Cu 22 2 i BH S (B 2 45, 2021), R A
Cu 32137 51 b J5 15 5 AR AR 07 T R AIG Hr i
T U o AR R S H AR E AR, TTERE
1 13.20%.

3.4.3 PMF A4 i A7

i PMF Y 354735 Y U5 fd AT, SRR T nl R
S A AT 25 SR i S (B RE 45, 2018) o BRIk
FUNHE B A PMF B, (5 L (S/ND KT 6, BR
AN “Strong” , AW JE 28 K B0, SN 80E N
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6 B, O 1 (1797.32) 5#Eit O {H(1829.13) Heix, M
HIRZE/DT 10%CH EH#ESE, 2023) . #E#E 6 T
BF, Po 1 (B HLE ) 0 0.54, HAthoo = »~ ¥R
F 0.70, HiH As, Cd., Cu, Hg iA %] 0.90 DL L, 15 H
JIr i R B0 R AU R A B B S AR B,
FEHT AR BT
HHF IR TR LRI 6. FF 1%
Cu, Cr. Ni 1 Zn STHREER, 439114 63.84% . 22.56% .
12.55% Fl1 10.45%, Cu AHX 5 5 X 32 25015 7 10
R e R R 21, BAE L e N A T R
L, EICHED 1 O R R S HRE A
I, BTN 15.92%
¥ 2 %} Cd, Pb #l Zn B STHRREL R, 50510 K
67.88%. 55.48% #130.71%. KF 2 H1 Cd. Pb &&=
DRI I T AR R, 23 [ AR RRAE S Rl
BTG KA G, Z B ARG S m ., 2%
FH %5 (2020) BT 5% % 30 EL BH AR DXAS ) i 2 e RAE
Cd # i 0.59~2.40 mg/kg, Pb 7t A 20.00~36.10
mg/kg; BRI % (2022) X% 2000—2018 4FEF [ K<,
4B U e s AR AR T T 5T, R IR
EXSH Cd. Pb 4l 5535120 0.48 mg/(m’-a), 23.37

BT 4
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Fig.6 PMF model analysis results of heavy metals in soil

mg/(m*a), HRFNEH A LIENE S B EST
KAVUREYY, %5 i 13 2 A 36 52 R 4 K Y
Hg sTmkAEFAK, UL 7 2 MRl iR, siikR
K 23.20%.

RIF 3 Xt Cr, Ni BYBTRRERE =, 20010 52.19%.
28.88%, WFFE W~, QAlISCALIE)E 7 b R85 R o
AR g Cr EEORIE (H =R 4E, 2021), H Cr,
Ni 25 [A] 3 A FAE AR CAlDCA X HAG AR, PR i
MR 3 MBS BRI, ST 14.40%.

KF 4 X As I TikE 5, 4 80.60%, WFFTIX
W2 Z aE e, T rh As S i CT HiRE
4, 2009), BPAME A E Vi & BRI R TG S A EL A
Tl 3 Bl 5 0 FH AR I e M ARk, R b ik i v
As PR E BRI, W IR EF EA -5
- ST e Y 2 B T K RE T R AT A B R far Y
As 25 BB FAHE AR T 5230, SOM 1y 4 3 v 3% ik
AEAE Y B F g AR5 1 Ly R B AR5 T As 45 B
B GRTRAE, 2000), A9 IX 14 SOM & i
PIE S T m A LTS 5ol, S50 As g e it
B 1T As F S AT 2 p A 13T R,
BEAHEI PR 4 S RAUTREIR, BTN 13.27%.

[ 5 %F Zn, Ni Fl Cu STHR R &K &, 209N
45.79%. 39.33% 1 26.31%, W5 on, K ila 5 H:
KB TP Cr. Cu, Ni. Zn RO KR BAG®K
I A2k A (5 7 BRI A%, 1993), R b 4l P+
5 MRfE I X HARTE, STIRE R 17.70%.

K+ 6 Xt Hg. Pb STk, 43504 70.29%.
21.52%, Hg. Pb & 4AHXT B X 5 258 4 5 321140
G35 DG, 0 A3 AR 1 IX S5 NS AR TR X
Ho — M Hg S ARV AN &R Tolk
FE AR 9% (Qiu et al., 2006; =14, 2022), 5T IX A
JoE BRI | bR ik 22w A FH R, Hg B 48 %, Bl
R IHL (FIRRAE, 2020), PUREZE ANZEA TS X R
BEHEM AT 6 A TG IR, TTEREN 15.52%.

XF LG A TS RO, IRIR AT 7R3
FEUA T SR X - 4 R ORI, Hak
PoE R ACSIE NI

4 %5 i

(1) 3 pHF¥E-{E K 539, LR PN 3,
SOM i FHME R M A 118 s E 0 1.20 £,
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Cr. Cu, Cd. Ni, Zn F1 Hg 7 &2 {E 1 H 57 5034
it~ m A T S E . B Heg. Pb 4, Cd., Cu.
Cr, Ni, Zn Fl As 7EHR43E i b3 8 (IR
A% FH b A 38T Y RURS: 4 45 BR oE ) (GB 15618—
2018) H XURS: i B, (A BB HE AL As, Cd & &
EHIME

(2) V5 Yt farFE BE PN 25 5 o, B9 X 4
A E BT RAIE Y, 5 91.75%, R i TS
YU RIE IS Y00 0 3.82%. 1.01%, JC75 YeAX
3.42%. WX LRGSR fa B0h 1.43, R AMEE
TG e, R | TS YL X5 5 1A RN R 1 4 S
i s XA, i, AR S KA
BRI 45 R R, BF9E X R 4 Jm LA SRS
WS Sk 32, vk M e B AR SRS, 43901 5 55.53% .
39.84%. Cd, Hg by F2A AR P F

(3) EWAT AT as S R, TFFTIX e 4 8 ok
VR EZAT ST, 4300 R KAV IR, k8 1L X il
FARUE . BRJE A A SRR Ak 54216 2 A TR 48
WA R S5 AR E AR, PMF IR AT 45 51 W,
WF9E X e @ SR IR FEBA 6 Fl, 43518 K0T
RUR L IR E L ZiA A SRR WRE A A SRTE . Al
U5 AR IR AR AR R S HARE AR U
43 M5 PMF BERLA A7 72 45 5 [T — 3%, Rt
TR IE X R 4R R EORIE, HUCh &g
SRR, EEBUINSRAH 5 Y 4 i B Wl Fn 4
B, 98 A BN A H it 5 AR R Tl 75 e HE

TR

References

Chen Qiyong, Gao Yunbing, Ni Runxiang, Pan Yuchun, Yan Yuguan,
Yang Jing, Liu Xiaoyang, Gu Xiaohe. 2022. Temporal and spatial
variation characteristics of heavy metal in atmospheric deposition in
China from 2000 to 2018[J]. Environmental Science, 43(9):
4413-4424 (in Chinese with English abstract).

Chen Zijie, Xiao Tangfu, Liu Yizhang, Xing Dan, Yang Jun, Zhu
Zhengjie, Ning Zengping. 2021. Accumulation of heavy metals in
agricultural soils and maize in a typical black shale area with high
geochemical background[J]. Chinese Journal of Ecology, 40(8):
2315-2323 (in Chinese with English abstract).

Chueinta W, Hope P K, Paatero P. 2000. Investigation of sources of
atmospheric aerosol at urban and suburban residential areas in
Thailand by positive matrix factorization[J].
Environment, 34(20): 3319-3329.

Atmospheric

Ding Yi. 2000. Overview of national large-scale coal base planning[J].
Coal Engineering, 39(2): 12—14 (in Chinese with English abstract).

Ding Zhenhua, Zheng Baoshan, Zhuang Min, Hu Tiandou, Liu Tao.
2009. Modes of occurrence of arsenic in High-As coals from north
western Guihzou Province, China[J]. Acta Mineralogica Sinica,
29(1): 70—74 (in Chinese with English abstract).

Guo Shengli, Li Dongwei, Geng Weile, Zhang Jian. 2015. Controlling
effect of the modified calcium carbonate on the capture of As, Cd
and Zn during coal combustion[J]. Journal of China Coal Society,
40(12): 2967-2973 (in Chinese with English abstract).

Hakanson L. 1980. An ecological risk index for aquatic pollution
control: A sedimentological approach[J]. Water Research, 14(8):
975-1001.

He Ling, Wu Chao, Zeng Daoming, Cheng Xiaomeng, Sun Binbin.
2021. Distribution of heavy metals and ecological risk of soils in
the typical geological background region of Southwest China[J].
Rock and Mineral Analysis, 40(3): 384-396 (in Chinese with
English abstract).

Joanna B K, Ryszard M, Michat G, Tomasz Z. 2018. Pollution indices
as useful tools for the comprehensive evaluation of the degree of
soil contamination-A review[J]. Environmental Geochemistry and
Health, 40: 2395-2420.

Jiang Yulian, Yu Jing, Wang Rui, Wang Jiabin, Li Yu, Yu Fei, Zhang
Yunyi. 2023. Source analysis and pollution assessment of soil
heavy metals in typical geological high background area in
Southeastern Chongqing[J]. Environmental Science, 44(7):
4017-4026 (in Chinese with English abstract).

Li Jihua, He Jun, Kan Qiangbo, Duan Zhongming, Huang Yunchao.
2021. Geostatistical analysis of village-level lung cancer mortality
from 2010 to 2019 in Fuyuan County, Yunnan Province[J]. China
Cancer, 30(10): 8(in Chinese with English abstract).

Li Lihui, Wang Baolu. 2008. Geochemical characteristics of As and Cd
in soils of Yunnan province[J]. Geophysical and Geochemical
Exploration, 32(5): 497-501 (in Chinese with English abstract).

Li Qiang, Ai Feng, Wang Xi, Ma Yongbo, Liu Lang, Zhu Zhanrong,
Zhang Kaiyu. 2023. Theoretical analysis and practical exploration
on ecological restoration of mines with Multi-source solid wastes:
example from Yulin City, Shaanxi Province[J]. Northwestern
Geology, 56(3): 70—77(in Chinese with English abstract).

Li Wei, Gao Haitao, Zhang Na, Sun Jing, Basang, Lii Xuebin, Xiong
Jian. 2022. Distribution characteristics and ecological risk
assessment of heavy metals in soil of Lasha City[J]. Journal of
Environmental Engineering Technology, 12(3): 869-877 (in
Chinese with English abstract).

Liu Peng, Hu Wenyou, Huang Biao, Liu Benle, Zhou Yi. 2019.
Advancement in researches on effect of atmospheric deposition on
heavy metals accumulation in soils and crops[J]. Acta Pedologica
Sinica, 56(5): 1048—1059 (in Chinese with English abstract).

Liu Tong, Liu Chuanpeng, Deng Jun, Kang Pengyu, Wang Kaikai,
Zhao Yuyan. 2022. Ecological health risk assessment of soil heavy

http://geochina.cgs.gov.cn H1E M1 5T, 2024, 51(1)


https://doi.org/10.1016/S1352-2310(99)00433-1
https://doi.org/10.1016/S1352-2310(99)00433-1
https://doi.org/10.1016/0043-1354(80)90143-8
https://doi.org/10.1007/s10653-018-0106-z
https://doi.org/10.1007/s10653-018-0106-z
http://geochina.cgs.gov.cn

338 3l

Hb, Ji 2024 4F

metals in eastern Yinan County, Shandong Province[J]. Geology in
China, 49(5): 1497-1508 (in Chinese with English abstract).

Ma Honghong, Peng Min, Liu Fei, Guo Fei, Tang Shiqi, Liu Xiujin,
Zhou Yalong, Yang Ke, Li Kuo, Yang Zheng, Cheng Hangxin.
2020. Bioavailability, translocation, and accumulation characteristic
of heavy metals in a soil-crop system from a typical carbonate rock
area in Guangxi, China[J]. Environmental Science, 41(1): 449—-459
(in Chinese with English abstract).

Mamattursun Eziz, Ajigul Mamut, Anwar Mohammad, Ma Guofei.
2017. Assessment of heavy metal pollution and its potential
ecological risks of farmland soils of oasis in Bosten Lake Basin[J].
Acta Geographica Sinica, 72(9): 1680—1694 (in Chinese with
English abstract).

Ni Lin, Cui Xiaofeng, Xu Lijia, Lin Qian, Guo Kun. 2020. Study on
distribution and enrichment of heavy metal elements in fly ash and
slag from fuel coal[J]. Coal Science and Technology, 48(5):
203—208 (in Chinese with English abstract).

Nie Aiguo, Xie Hong. 2004. A research on origin between Emei
Mountain basalt magma and High-As coal in Guizhou[J]. Coal
Geology and Exploration, 32(1): 810 (in Chinese with English
abstract).

Ou Lingzhi, Hu Mingming, An Dezhang, Tang Ming, Qin Fanxin, Li
Fei, Sun Yuanyuan. 2023. Characteristics and health risk
assessment of heavy metals in dryland soil and crops around a coal
mine with high levels of arsenic[J]. Journal of Agricultural
Resources and Environment, 40(1): 25—35 (in Chinese with English
abstract).

Paatero P, Tapper U. 1994. Positive matrix factorization: A non-
negative factor model with optimal utilization of error estimates of
data values[J]. Environmetrics, 5(2): 111-126.

Pan L B, Guan X, Liu B, Chen Y J, Pei Y, Pan J, Zhang Y, Hao Z Z.
2021. Pollution characteristics, distribution and ecological risk of
potentially toxic elements in soils from an abandoned coal mine
area in Southwestern China[J]. Minerals, 11(3): 1-16.

Pang Wenpin, Qin Fanxin, Li Yachao, Li Yingju, Li Gang, Li Xinli.
2016. Chemical speciations of heavy metals and their risk
assessment in agricultural soils in a coal mining area from Xingren
County, Guizhou Province, China[J]. Chinese Journal of Applied
Ecology, 27(5): 1468—1478 (in Chinese with English abstract).

Qin Yuanli, Zhang Fugui, Peng Min, Zhang Li, Tang Ruiling, Cheng
Hangxin. 2022. Influencing factors and ecological risk assessment
of soil heavy metals in agricultural areas of Xuanwei City, Yunnan
Province[J]. Geology and Exploration, 58(2): 360—368 (in Chinese
with English abstract).

Qiu G L, Feng X B, Wang S F, Shang L H. 2006. Environmental
contamination of mercury from Hg-mining areas in Wuchuan,
Northeastern Guizhou, China[J]. Environmental Pollution, 142(3):
549-558.

Reff A, Eberly S I, Bhave P V. 2007. Receptor modeling of

ambientparticulate matter data using positive matrix factorization:

review of existing methods[J]. Journal of the Air and Waste
Management Association, 57(2): 146—154.

Song Mian, Gong Lei, Wang Yan, Tian Dazheng, Wang Xinfeng, Li
Yue, LI Wei. 2022. Risk assessment of heavy metals in topsoil on
human health in Fuping County, Hebei Province[J]. Rock and
Mineral Analysis, 41(1): 133—-144 (in Chinese with English
abstract).

Su Huiyue, Liu Jiangchuan, Wang Lu, Li Bo, Yu Huan, Chen Zhikui,
Hu Yueming. 2022. Geographic distribution and source
apportionment of heavy metals in soils and vegetable in urban
fringe[J]. Journal of Ecology and Rural Environment, 38(2):
184—193 (in Chinese with English abstract).

Sun Rui, Zhou Xiaofang, Chen Yang, Wang Xinfu, Gao Liangmin.
2021. Positive definite matrix factor model analysis of the source of
heavy metals in coal mine soils in the Ordos Plateau[J]. Science
Technology and Engineering, 21(16): 6937—6943 (in Chinese with
English abstract).

Tong Wenbin, Guo Bin, Lin Yicheng, Liu Chen, Song Jianzhong. 2020.
Assessment of input-output patterns of Cd and Pb of typical heavy
metal polluted agricultural land in Quzhou[J]. Journal of Nuclear
Agricultural Sciences, 34(5): 1061-1069 (in Chinese with English
abstract).

Tu Chunlin, Yang Kun, He Chengzhong, Zhang Liankai, Li Bo, Wei
Zong, Jiang Xin, Yang Minghua. 2023. Sources and risk assessment
of heavy metals in sediments of small watersheds in typical coal
mining areas of Eastern Yunnan[J]. Geology in China, 50(1):
206—221 (in Chinese with English abstract).

Wang Changyu, Zhang Surong, Liu Jihong, Xing Yi, Li Mingze, Liu
Qingxue. 2021. Polution level and risk assessment of heavy metals
in a metal smelting area of Xiong'an New District[J]. Geology in
China, 48(6): 1697—1709 (in Chinese with English abstract).

Wang W J, Wang Q L, Zou Z L, Zheng F Y, Zhang A H. 2020. Human
arsenic exposure and lung function impairment in coal-burning
areas in Guizhou, China[J]. Ecotoxicology and Environmental
Safety, 190: 110174.

Wei Fusheng, Chen Jingsheng, Wu Yanyu, Zheng Chunjiang. 1990.
Study on Soil Environmental Background Values in China[M].
Beijing: China Environmental Press, 330-483(in Chinese with
English abstract).

Wei Yinghui, Li Guochen, Wang Yanhong, Zhang Qi, Li Bo, Wang
Shicheng, Cui Jichua, Zhang Hong, Zhou Qiang. 2018.
Investigating factors influencing the PMF model: A case study of
source apportionment of heavy metals in farmland soils near a lead-
zinc ore[J]. Journal of Agro—Environment Science, 37(11):
2549-2559 (in Chinese with English abstract).

Weng Huanxin, Zhang Xiaoyu, Zou Lejun, Zhang Xingmao, Liu
Guangshen. 2000. Natural existence of arsenic in soil of China and its
cause of formation[J]. Journal of Zhejiang University ( Engineering
Science), 34(1): 90—94 (in Chinese with English abstract).

Wu Xianliang, Huang Xianfei, LI Chaochan, Hu Jiwei, Tang Fenghua,

http://geochina.cgs.gov.cn H1E M1 5T, 2024, 51(1)


https://doi.org/10.1002/env.3170050203
https://doi.org/10.1016/j.envpol.2005.10.015
https://doi.org/10.1080/10473289.2007.10465319
https://doi.org/10.1080/10473289.2007.10465319
https://doi.org/10.1016/j.ecoenv.2020.110174
https://doi.org/10.1016/j.ecoenv.2020.110174
http://geochina.cgs.gov.cn

5514 5 1

FEWT A TR SORLED™ X o i A 2 XU SO DA A 339

Zhang Zedong. 2018. Soil heavy metal pollution degrees and metal
chemical forms around the coal mining area in Western Guizhou[J].
Research of Soil and Water Conservation, 25(6): 335-341 (in
Chinese with English abstract).

Wu Yuezhao, Pan Mao. 1993. Study on the regularicy of changes of
contents of the parent rock and soil elements in the basact regions,
Eastern China[J], Advances in Environmental Science, 1(5): 26-
36(in Chinese with English abstract).

Xiao Gaoqiang, Chen Jie, Bai Bing, Li Yuanbin, Zhu Nengang. 2021.
Content characteristics and risk assessment of heavy metals in soil
of typical high geological background areas, Yunnan Province[J].
Geology and Exploration, 57(5): 1077-1086(in Chinese with
English abstract).

Xu Xingyang, Qian Facong, Luo Yun, Yang Yi, Chen Chu, Zhang Jing,
Dong Shifei, Yang Yingming. 2020. Basic characteristics and safety
of farmyard manure in Kunming tobacco-growing area[J].
Southwest China Journal of Agricultural Sciences, 33(8):
1748—1753 (in Chinese with English abstract).

Xue Zhibin, Li Ling, Zhang Shaokai, Dong Jing. 2018. Comparative
study between nemerow index method and compound index method
for the risk assessment of soil heavy metal pollution[J]. Science of
Soil and Water Conservation, 16(2): 119-125 (in Chinese with
English abstract).

Yang Ling, Tian Lei, Bai Guangyu, Pei Shengliang, Zhang Deqiang.
2022. Ecological risk assessments and source analysis of heavy
metals in the soil of Xin Barag Yougqi, Inner Mongolia[J]. Geology
in China, 49(6): 1970—1983 (in Chinese with English abstract).

Yao Chengbin, Zhou Mingzhong, Xiong Kangning, Zhang Di, Yang
Hua, Zhang Xianrong, Yang Liansheng. 2021. Contents of heavy
metals in soils and crops in the demonstration area of karst rocky
desertification control of the karst plateau—gorge[J]. China
Environmental Science, 41(1): 316—326 (in Chinese with English
abstract).

Yin Fang, Feng Kai, Yin Cuijing, Bai Dezhen, Wang Rui, Zhou
Yuanyuan, Liang Yongchun, Liu Lei. 2021. Evaluation and source
analysis of heavy metal in cultivated soil around typical industrial
district of Qinghai Province[J]. China Environmental Science,
41(11): 5217-5226 (in Chinese with English abstract).

Yu Danyang, Wang Yanhong, Ding Fu, Chen Xin, Wang Jingran.
2021. Comparison of analysis methods of soil heavy metal pollution
sources in china in last ten years[J]. Chinese Journal of Soil
Science, 52(4): 1000—1008 (in Chinese with English abstract).

Zhang Guotao, Peng Zhongqin, Wang Chuanshang, Li Zhihong. 2016.
Geochemical characteristics of the lower permian Liangshan
formation in dushan area of Guizhou Province and their
implications for the paleoenvironment[J]. Geology in China, 43(4):
1291-1303 (in Chinese with English abstract).

Zhang Z W, Yang X Y, Li S, Zhang Z S. 2010. Geochemical
characteristics of the Xuanwei Formation in West Guizhou:

Significance of sedimentary environment and mineralization[J].

Chinese Journal of Geochemistry, 29(4): 355-364.

Zhao Jiayin, Yang Di, Yang Xiangzhi, Zhang Ning, Liu Yu, Wang
Mengmeng, Wu Yuncheng, Chen Qiuhui, Tian Wei. 2022.
Pollution assessment and source identifification of heavy metals in
farmland soils around a coal mine area in Yunnan Province[J].
Journal of Ecology and Rural Environment, 38(11): 1473—1481 (in
Chinese with English abstract) .

Mt e 32 55 STk

Wi, #8 fo L, (T HE, WEH AR, [ BR, i, X2 PH, TR 1.
2022. 2000~2018 4F-F ¥ K5 5 4 J& Ui Ffai b s 23 2R FRARRAE 7).
FRIERL, 43(9): 4413—4424.

WREEZS, 1 AT, X3S, A, #2E, RIEA, THIF. 2021, $LA1E
A R T SR I - Tk R AR B B4R, 4
AR, 40(8): 2315-2323.

T 55,2007, [E AR pe HE M REIR [T]. S5 TR, 39(2): 12-14.

TR, AR, FEM, IR, X% 2009. St AR AL A R A op
B X IR A RS BFSE[T]. B 24z, 29(1): 70-74.

SRR, ZE AR A, B AR, SKEE. 2015, PRI BRBRAS AL B4R As,
Cd, Zn PIHEBEE I, SR, 40(12): 2967-2973.

TRR, S, WA, ABEAE, PMEME. 2021, A E PG R R R
X 4 HEE 4 08 o A M AR 7S KU FRAE 3], A 7K, 40(3):
384-396.

VR, RTT, T8, TAEW, 258, &€, kzik. 2023, 1 45 #
iS5 S X T A R TR AR AT BT AN (0], SRR RRE,
44(7): 4017-4026.

2k, 4R, WSRIE, B, . 2021, HTTEH RN =/
A& IR E 2010—2019 4F fifi 488 4 T =5 [8] 43 Hr [J]. o = b,
30(10): 8.

ZERARE, T 54k, 2008. ZRGAE T4 As, Cd JURMERTLZEFHED]. 49
BSIIE, 32(5): 497-501.

Zeim, SOEE, A, DUk, XN, 2R 52, Tk 2023, 3L E R U
[ 1L 3k S BRI 5 S BAR R — AR PR AR T
BI[I]. PHILHbI, 56(3): 70-77.

2R, O, TR, PG, LS, BAEt, AE(E. 2022, PIEETTIRIX 4
BETE 4 )8 o3 A FRAE A 25 U RN [9]. R 8 TR R 23],
12(3): 869-877.

XUMG, §3C7k, Hibw, XA, G, 2019, KAV - HeffEy b
4R S LW R B 5T OF R 0] & R, S6(5):
1048-1059.

XL XUAEIA, XS, FEMG T2, EELEL, RS, 2022, INRAUTHE AR
T A JE kA R KR TE AR (3], Pl T, 49(5):
1497-1508.

Shoge, A XK, ST, I, XS4, WOk, T, 254, il
RGHLHT. 2020. ) P BR R R 5 X A T HIE—EY RS T 4R
A A S BT RS & SRR D). BREERL2E, 41(1): 449-459.

A FR SR D ST, BT TR - B AR, R FUUR SR SEHE, ThE K.
2017. T34 s T8 e SR AR T 4 98 T 4 g 75 e R T e A 2 KU
TR [J]. HbERAAR, 72(9): 1680-1694.

SRk, B2 /NI, £ ST 5%, PRI, TR, 2020, BRRHETE 48 LR A KK

http://geochina.cgs.gov.cn H1E M1 5T, 2024, 51(1)


https://doi.org/10.1007/s11631-010-0467-1
http://geochina.cgs.gov.cn

340 il

Hb, Ji 2024 4F

Bt vh oA 5w AR []. R BRI R, 48(5): 203-208.

B, W2 2004, WA 11X R S DM e R B AR 0],
FH Hi B -5 3804, 32(1): 8—10.

WRRZ, SN, Z2Ees, FEEA, B8t g, 2R 9E, PR, 2023, AR
1 J) Bl S A - T 4 S8 ¥ YRR AE B M f e IRV A [ ], A
W HEIE PREE A 40(1): 25-35.

PESCH, s, B, 25065, 25N, 2570, 2016. Bt % 19
X A A 38 7 4 I A 2 T8 25 BRI PEAG [9]. 0 A 25 24l
27(5): 1468—1478.

ZEICAL, TR BT, AL TR, RIS, BBUR. 2022, 2R E R TTAR
HFIX 8 4 R 03 A g i P 2 R S RS A [I]. Hu S
BHR, 58(2): 360-368.

HRYR, 3B, THa, HR4, T, ZRER, 224, 2022, IdL B HL3R
JZ 88 A o N (R £ B 0 XUE PR A [3]. A IR, 41(1):
133-144.

TR, XTI, T8, 20k, Tk, BiadiZs, W H B9, 2022, 3% & i3 %
X A3 -FE S T E A R o SRR SO LB AT [I). 2B S
RAFREE2HR, 38(2): 184-193.

IVEL, JEIETS, BRFH, THTE, R AR 2021, 152 40 B B ALA AT
SR/R 22 e SR A JE ORI U], Bl A AR S TR, 21(16):
6937-6943.

FEOCME, SOME, BRSO, XUER, AL 2020. M ML 4 5 ek
PR . B A s S AT (0], AR 4R, 34(5): 1061-1069.
AR, b, R, SEYL, 2R, SR, 0T, AL, 2023, TEAR
AR /NG TR T 4 R s B XUBS DA (7. o b

50(1): 206-221.

T AT, RER, XLk, TG, 22200, XK=, 2021, M2 X 34
JEIE MR X T 4 V5 A B R KU A [J]. Hh [ M, 48(6):
1697-1709.

BRI, Wik, R R, FRFBVL. 1990, P E TR Rt M]. At
o P EAEE R U, 330-483.

BLMAE, ZEEIE, TEILL, kB, 2R, AR, AR, ke, JEoR.
2018. PMF 57 () ) X 38 25 48— DAL YR Ji il A 1 48
EER TR AP, LW ERl 22237, 37(11): 2549-2559.

SR, T T, SRR, R4, XITTER. 2000, E - HE Y A
SRAFAEARBL B LB R 43 (0] WYL K 2424 4] (T24 ), 34(1):
9094,

RACTE, BAETE, 2R, TARES, BRUAE, SKIEAR. 2018, BPEIED X
T AR 5 YK R I A I K R R FEBESE, 25(6):
335-341.

S H IR, . 1993, R ERIF X RAE X R TR S Ak
FUERRFFE[T]. HAEERIEHE R, 1(5): 26-36.

M R, BRZR, FIES, ZEI0M2, ARAENI. 2021. 2 Fa Mt 20 b 57 5
+ BT 4 AR KT g KURE PR [0]. b T S B AR
1077-1086.

4P, BRE TR, B =, 1 50, ), ik, #A K, AmhiEA. 2020. BEHA
TR IR AR FRNE Y ZEAR 5 15 22 4 VEBUIRBIF S [J]. 74 R AR Al 2241,
33(8): 1748—1753.

PR, 2538, kAL, L. 2018, WARS IR B A A e EukiE+
BT 42 JE V5 Y KU TG P B X LIRSS (], P K AR AR,
16(2): 119-125.

¥, B, FJGF, 3R, IKIEIR, 2022, IS B CUR B A 1
e 4 A A XU S WA [I]. R LS, 49(6): 1970-1983.

WEROR, BT, RERET, SKidl, ke, SKOESR, Tt 2021 SRR
R AR ER Y IX R JERIR MR B 48 & iR [I]. R
HEERIE, 41(1): 316-326.

T, B, PR FEME, TR, AR, Bk, XE. 2021, HFiF
D Tl X B b+ 398 5 4 SR AN S IR AR ATT (0], T R B R A,
41(11): 5217-5226.

T H, BB, TR, Bk, TR, 2021, AR IR E L1 4
J 15 YL PR ST O vk LU [0, IR, 52(4): 1000-1008.

I, T, TGN, 2%, 2016, BN T S5 2 L4
BR AL 255 AE K U BR B R C[I]. P B b, 43(4): 1291-
1303.

BRED, B, W, ik, KT, 55, B, BRbks, B,
2022. 2 A8 FEAEFF RIS Ik A 104 FH b A 49 T 4 R TS YL i
RGFHNTIFGE ], RS SARM 2440, 38(11): 1473-1481.

TR
, 57(5):

http://geochina.cgs.gov.cn H1E M1 5T, 2024, 51(1)


https://doi.org/10.3969/j.issn.1000-6923.2021.01.037
https://doi.org/10.3969/j.issn.1000-6923.2021.01.037
https://doi.org/10.3969/j.issn.1000-6923.2021.11.030
http://geochina.cgs.gov.cn

	1 引　言
	2 材料与方法
	2.1 研究区概况
	2.2 样品采集与分析
	2.2.1 样品采集
	2.2.2 分析测试

	2.3 污染负荷指数
	2.4 潜在生态风险指数
	2.5 PMF模型

	3 结果与讨论
	3.1 土壤理化指标
	3.2 空间分布特征
	3.3 土壤重金属污染评价
	3.3.1 污染负荷指数评价
	3.3.2 潜在生态风险指数评价

	3.4 来源解析
	3.4.1 相关性分析
	3.4.2 主成分分析
	3.4.3 PMF模型解析


	4 结　论
	参考文献

