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S DX B D A AR B IR 2 A7 (=5, 2009) ,

H XA 25 X g 3505 R0 PG A0 - 4 = B -1
T, % HHE Cu ST R M S B A P s,
S5 DU R M E U e N VT2 e A, 32 kT o AR
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Fig. 1 Simplified geological map and sampling sites of the central Yunnan region
(a) EPIGEMEREE () RO EE 1B R 2—HER EGRITRRA — B 3—H R ERIURA B 4—HER T 5Lk
N4 ;5— R TR BIA ;6 — 1 ER TR, T—RY R LR Z WA 8 59— TUETE ;10— A1 11— L HERFEA
12— WK SRAE 5 13— KA TRITREY A B

(a) Transportation and location map of the central Yunnan region; (b) sampling site map; 1—Q; 2—K,;*; 3—K,j'; 4—K,m; 5—K,p; 6—

Kig; 7*J3t2;

atmospheric dry—wet deposition points

8—copper ore; 9—shale brick factory; 10—quarry; 11—soil sampling points; 12—irrigation water sampling points; 13—
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Fig. 2 Categories of land utilization of central Yunnan area
1—7K H 52—kt 5 3— T b 5 4—I581 3t 5 S— 37 K o 5 6—38 5 38
i P 57— A F M 8—H B 555 9—BUA TR )5 10—R A 35
H—2JERAE A 12— F
1—Rice paddies; 2—woodland ; 3—arid land ; 4—garden area; 5—

waterways and storage bodies; 6—transportation land; 7—
miscellaneous land; 8—copper ore; 9—shale brick factory; 10—

quarry; 11—soil sampling points; 12— Village

26. 83% ; FHLTI AN 4. 62 km?, i 1 7. 51% ; KA+
M FH SR Ay el 0T K 2 A8 3 32 fi FH A At
FH M (SReAT™ FH B, S S50 FH b R R 55 )
1.2 HRRESHH
1.2.1 RELEHR

A b 5T b BR AL 22 AN FILYE DZ/T 0295-
2016) BLYEZIR , # IR 7 f/km® W RAE 2 R AE SR
2 IERE, T 2021 4 6 HR4E 420 144 0~20 em I
FEMER)Z R S TERFE AR, AT R A
SO ZE R 30 m BRI R EE 3~5 N TRE,
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5 ORFEARRR R HURETREE | IR CRAEST K
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AR I R E AT 0T,
1.2.2 XS

2020 4F 6 HAEMSE X /g SR AL ER , A R AT
PR ITTREE W A 2 A, R FHAR T R 2R R I B B R RTTT
KW, SRR —4F SRS N Y T, B
FOCE —4F )5, T 2021 4% 6 H UG 2P ik,
o I v i 4 S i M pHL {HL
1.2.3 Bk

TERAEHEE R (7 H—8 ), s BT 5T IX
P S BEKUR (B ) B TR 11 A SR SEVE R TK R 5
53#1 As Cd ,Cu Hg .Pb Zn Cr*" pH 554845
1.2.4 PERMER

FEREFE X JIT T 1) 2 e i 90 Bl P R AR 14 R4 I
R, BT XN R BRI FI2E R 90% LA L, TR it
MO FRIFPE AR K, B R 1 ke, BT
EESEL IS o S E M e g Fl 70 TN
1.2.5 SR

FES AT AR B A CMA % 5 9 v [
J £ JRy B WA AR BEURZ5 G R A O o B S
FEHM T, RS S5 B IR B i (ICP-MS)
X Cu Pb Fl Cd #4705 , A oL AR & 45 5 71K
RHETERL (ICP-OES) M2 Zn F1 Ni, 8 3 i 2
Jeikk (AFS) M E As I Hg, 2K T A HilBE—X 5
LRI (XRF) ME Cr, I12 3 e £ f il
P:(ISE)ME pH H(WE 1), TEAHrd B 6 A
[ AR A T i D S 4 85 A v 1, Ol et o
R W MBI R B R . A AR 1 5K
B B 27 o R R At PR, L G v A
K B AR 25 B AR, S N BT A
] K A8 A 47 4t SR Aok v [ o A A ) SO A A 4
(RS Is , 2R B T 3RAS 1) 43 B A5 s LA AT SEE | REfE
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1.3 FMFAE
1.3.1 AEFEEFTREENE

FRAE A TR) A b A 2SR ) + R & pH (VT
Bl WA (39 P 5 Jo s A P b, 1 B389 XU 4 4
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Table 1 Analysis parameters and methods of the sample from central Yunnan Province
_ FREEMTEAG B | AKAEESEPRAE R | BRI SEAG P | 3 St F
=) T yA = NV L’! =}
845 | Mk IR (mg/L) (mg/L) (me/kg) (me/kg)
As AFS XGY-1011A JEFH A 61T 0. 0004 0. 0003 1 0.63
Hg AFS XGY-1011A JR T2t T 0.05 0. 00005 0.000 5 0.000 3
Cd | ICP-MS iCAP QC HLUBHE & 45 B F IR T gAY 0. 004 0.001/0. 004 0.03 0.03
Cu | ICP-MS iCAP QC H B A 25 B T IR Y 0.05 0. 0001 1 0.46
Pb | ICP-MS iCAP QC HLBH A 3 TR 0. 0004 0. 00004 2 1
Ni | ICP-OES [iCAP6300 Hi/EHE & 55 5 TR K 4 eig(L 0.03 0. 0001 2 1
Zn | ICP-OES |iCAP6300 HLEHE & 458 F Ik & %Y 0.01 0. 0001 4 2
Cr XRF AxiosMAX X HFE7 6 EAL 0.05 0.001 5 4
pH” ISE PHS-3C pH it 0.1 0.1 0.1 0.1
L pH AR,
BOE A L SRS 255 15 YL iR B e P C. )
Y= VUM VI 2 H 4= r,i = i X
& @5 YR ATV S,
TE A B R 48 B0 1 [R] B Sife e B it 5 L Fig R - 2 p (4)

B A ERORARL, SOV 1 A HEPRI5 [R] i 52 31 22 4 s

TSI A SEBR IR 58 Y T 15 QLB Y 4 TR 7

YW R R PRI B A, HAAOR
P, =C/s,

(Po)* + (L)
; —J 5 2)

b, € abs @ BSEIE 5 S, A dabs i fPF
WHSHEE; P, o L HERIRER ¢ (SN THR% Py 2
KRB NY LR a5 Q85 P, JEREE ST
AHEERIGIARINIRKE; P, RRFERTITA
HA B TS RAR BN EIE L P, A P B2 S i DL
x2,
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Table 2 Principle of grading for single pollution index

and Nemero synthesis pollution index

oy | BHTFIREU(P,) LERTTURIEE( Pr)| T5YRREE
1 <1 <0.7 PREES
2 1.0~2.0 0.7~1.0 ERAE
3 2.0~3.0 1.0~2.0 RS Y
4 3.0~5.0 2.0~3.0 rf T e
5 >5.0 >3.0 TG Y
1.3.2 BEESBEIBEGE

Fi I Hakanson (W11 1 25 16 % 9 K
ERR A A, LR I T AR O V5 ok
W BEMAKCP SRR, )z N T () U
G R A, AN

L, B, HPRE &R A e EREG C o
A S AN me/ke; S, N E AR
A FH Hb - 3875 G XUBS: i E 1B, P07 mg/kg; T, W
GJE L EETEN N R SRR S S AR,
K ICRTEIENA RN ZECN Zn=1.Cr=2 Cu=5.Pb=5,
Ni=5.As=10,Cd =30 Hg=40( %45 ,2008; 7
45,2025) ; RI 2T 48 28 G 1 e AR S UGS
B, RITHEAJE B, Z M E, | F1RI 5930 bRtk
W 351 HBRTH2025) .

* 3 BEESREIERX S RE
Table 3 Classification standards of potential

ecological risk assessment

E. TR RI 25 AU A5 2
E,, <40 BRI RI <150 BRASEE
40< E,; <80 rhig: 150< RI <300 | PEAEAAGE
80< E, ; <160 [ 300< RI <600 | SREAfGE
160< E,,; <320 | fRa% y
K 0 - RI =600 RREDEE

1.3.3 IEEHEFEREFHHE

1ERE P F M M3 (PMF) )32 L T 35
YL fRAT , R Z 0 W F o B i 2 Rk H 4w
TCRWIE X (nxm) 53 A 1556 B F (pxm) |
TR G (nxp) AP F-48 FR A — A58 22 50 15
E(nxm) . f#dr EiRGEFERE, @i E X —4 HARR
Q. M HAReRE Q (IR /N MERDEE X JH 43
f RN T SRR M G R TS R R (4R BT
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Xl]: ;(Gik XFk) +El, (5)

n m Ei_ 2
0= z( ) _

i=1 j=1 Uij

L 2
" Xg,' - }; (ij Xij) (6)
i=1j=1 Uij

Arba X, ER L AR T AN E B
10K mg/kg; o E b AR PAE § AMEAE TR
{65 G, A5 b RS i PFRE RN P DTERE S B, 3R i
PRRERL 8 AL AT 3R 225 U, 0 i PFRES
8 j A B AN E B

ARYE AT TE 45 0L, 4 rh 25 P T 4 JR S A
FEREA A () R, AT

(C-EF)*+0.5-MDL* C > MDL

Uij = 5
gMDL C < MDL
(7)

2 R 5

2.1 TEEEESESHHEIE
2.1.1 RETESEESHSIT

WFFEIX + 4% pH FH(E R 6. 78 AR R bk
FTHEEBRIFESEGESMAB L R TESETS
PR (£ 4) . £Z P As Cd, Cr,Cu, Hg,
Ni .Pb il Zn V-39 5& 5 50 5 °h 6.77.0.34 ,78. 62,
40.37.0.05.34.26.28.79 1 76. 37 mg/kg, "1 5L
3 6.57.0. 24 .80. 8 .34.1.0.05.35.35.28.7 Fll
78. 1 mg/kg, 2 TCE & i V- E A o7 B384 R

AR FH b A ST T e (8, (HJ2 Cd o TR FH 3 XURS:
T (A L A8 R 14, 52% , i T4 FH Hi XU 4 ol £
ILLBIR 1. 67% , F I 5 X LT AT REAAAE Cd V5
Y | ik — 25 B ORI

MR A 595 Sl (7, 2020) , & 00
RE LRI EPURRIKCA Cd(1.25)>Cu(1.01) >
Ni(0.90) >Cr(0.86) >7n (0.8) >Hg (0.77) >Pb
(0.74)>As(0.64), FH As Pb Hg Zn FIH{HH
BALT =M T 5, 2HXF IR ; Cr Ni |
Cu “FHMEH 5% A =8 DT SEAERF ; Cd
SEEE N 0.34 mg/kg, i T o d HIESTFE, &
LRHC 1,25, B EHRAE M L4 E v BUF R 5
SIX AT 5, bR As 4b, Hofth 8 4 8 o0 323 ok 12
EHERRE, H£IU R E £ R & ARAKIK h Cd
(2.62)>Cu (1.84) >Hg (1.43) >Ni(1.27) >Zn
(1.21)>Pb(1.20)>Cr(1.19) >As(0.75) , Al figZ 5|
RN SN Al

A5 RE(CV) WArifE2E 54 (E M L fE, LA
FAEBE 1Y B EORE R (B f, 2012) . CV =1 Y,
PG R IRAR S0, 1<CV <1 B Bl b A8 57, Cv
<O. 1 B}, B8 55708 5 . 25 E 48 2L R4k &
FMRAKIK N Cd(1.09) >Cu(1.05) >Hg (0.60) >As
(0.31) >Zn (0.24) >Ni (0.23) >Pb (0.17) > Cr
(0.14), Cd.Cu AL RBUIR T 1, oA 5 K
W] Cd . Cu Z NKFE SN Wi K, HALE 48 & &
Fh AR S
2.1.2 AEMMETESEEESE

SR FE B A B O 9 4 JE a0 A
FHXF LA T AN [ 122 56+ 4 - 3 f

R4EFIESERESE (mg/kg) SHERIT

Table 4 Statistical parameters of heavy metal concentrations ( mg/kg) in the soils from central Yunnan Province

JLE As cd Cr Cu Hg Ni Pb Zn pH
SEHA 6.77 0.34 78.62 40.37 0.05 34.26 28.79 76.37 6.78
LREIA 6.57 0.24 80.8 34.1 0.05 35.35 28.7 78. 1 6.98

bR 22 2.09 0.37 11.22 42.39 0.03 8. 04 5.01 18.31 0.95

AR AL 0.31 1.09 0.14 1.05 0.6 0.23 0.17 0.24 0.14

ISP ] 27.2 3.03 109 716 0.31 58 52.9 154 8.25

/M 2.32 0. 045 43.8 17.4 0. 009 13.5 16.2 27.7 4.21

HER 0.64 1.25 0. 86 1.01 0.77 0.9 0.74 0.8 1.1

A TS 10.6 0.269 91 40 0.07 38 39 96 6.14

] P B S O X 9 0.13 66 22 0.035 27 24 63 7.96
S XIS 7 32 1 30 0.4 250 150 0.5 70 100 200 /
4 IR o A 150 2 850 / 2.5 / 500 / /

T :pH A WA RBON PSS Z A L E R E (S5 O E LR (a2 50 (B MH4F,2020) ) B9 HLAE, - 3RS i 66
ERVERIMES | A R B R T L 35 G B B 42 hR o (1X47) ) (GB 15618-2018) ;n=420,
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Table 5 Average concentrations (mg/kg) of heavy metals in soils from different stratigraphic units

from central Yunnan Province

ity LD As cd Cr Cu Hg Ni Pb Zn pH

HiVOZ (n=148) 148 6.93 0.36 76.98 | 36.54 0. 06 31.68 | 29.64 | 71.76 6.9
VLRI — B (n=85) 85 6.78 0.27 84.63 | 37.61 0.04 39.01 | 28.13 | 84.31 7.17
VLRI 2H—BE (n=156) 156 6.77 0.37 78.67 | 47.47 0.05 34.77 | 28.81 | 77.24 6.48
31l (n=25) 25 5.81 0.26 71.33 33.2 0. 04 31.18 | 26.47 | 70.01 6.45

He B (n=4) 4 4.95 0.34 70.13 29.1 0.04 29.55 | 26.28 | 76.05 6.79
ZAH (n=2) 2 8.5 0.54 63.8 26.25 0.05 25.8 25.05 | 63.75 6.87

HpH MRS,

R6EPASTERENESERE

WX N R IR TR, L3R 2 1 |
TR 1 PR G, 45 2R R . F

Table 6 Heavy metal concentrations in atmospheric dry and HIXEHARRT Cd EBE S TILE(FE

wet deposition from central Yunnan Province

6) T AE S HL I R 7 A e BB

K As | Cd | Cr | Ca | Hg | Ni | Pb

Zo | pH TR IVLRA AT A WL 5 DCXO0T A e B 24

DCXO1( _E35%) | 1.91 |0.066| 2.83 | 2.29 [0.033|2.96 | 0.05
DCX08( FiE#) | 1.12 ]0.057| 1.49 | 4.47 |0.015| 1.66 | 0.94
DCXO08(4kr) | 7.26 | 1.61 | 49.7 | 114 |0.119] 14.9 | 141

6.91 | 6.83 kg 5B g I YT HHE Cd A9 5 81X I
T RERAIIE R,

270

V- pH TR LM [ oE 2 A LR me/ ke, UL iR A iy 2-2-2 HEBRK

ng/Lo

(%£5), HitER TR, Cu & EAEAR R R 77 1E
WKES, Hd TR H—B 3T Cu FHF
I (47. 47 mg/ke) W3 T HALMZ , X 52
S DX B S T B R 2 B M T S S AR AT,
FEUEB T B A B TR ] 8 Cu 25 M) 4 S (R U
PERZR , T2 — B 2 80 Cr Ni L Zn B[R] & 4R
(RRE B DU 2R b Hg & B AR XA, % X
B RIGSARE WR T AR AT RE, 25 BT
b2 w1 g <9 R N o [ R 1175 I -9 e -2
ZH TR (M2 A RO & JE PR, X
PR T W IX A 8 4 R f S ) AR SR
2.2 BEWMANBEESESENH
2.2.1 KEFRTEY

TERE ST X g # AL AL 8 2 SRR TR DIRE
S A5 FH 458 58,5 em AYREAR R BOR RE T

FERIE 5 IX 3 B2 A W W K R R (e )1

YL VR KUK E  /INFE 1L AR R0 7K )

RAE S HFEMEKRES, S4B R (R 7)), 548

o 2 2 (LI 1K T4 FE 3 P /A /K o 5 178 B o A1

AT K, RAREMAOFE R SR 2
B3

xRTEPEBKERESESE (pg/L) &it
Table 7 Analysis of heavy metal concentrations ( pg/L)
in irrigation water samples from

central Yunnan Province

EEELaN As Cd Cu Hg Pb Zn |Cr%| pH=
SEHIME [1.76]0.036 1.344| 0.02 [0.303| 4.24 [0.5| 8.26
/ME | 1 ]0.025]0.68 | 0.02 [0.045| 1.35 [0.5| 7.8
FeKfE | 2.6[0.08|1.72[0.02|0.63|6.38(0.5| 8.8
FREIE | S0 | 10 | 500 1 200 | 2000 |100|5.5~8.5

T pH TG A, HA S AN pe/ L

RS HPEHEREEREAERIT

Table 8 Analysis of heavy metal concentrations in fertilizer samples from central Yunnan Province

izt As Cd Cr Cu Hg Ni Ph Zn pH {H

FHIME 13.38 0.41 20. 34 2.72 0.41 4.40 12.31 920. 40 5.64

e/ IME 0.12 0.01 1.49 0.05 0. 00025 0.05 0.44 1.16 2.73

SONIER 43.25 1.11 59.99 8.08 1.74 9.44 55.26 | 4371.73 8.92
9 XU G e 30 0.4 250 150 0.5 70 100 200 /
-4 KU ol 150 2 850 / 2.5 / 500 / /

T pH W JCHE A, AU S BB me/kg,
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2.2.3 BER

HOREET 10 FRAEERE & W35 52 A8 R L
FOKAEHERE RN RN AR T T X N AR I 8 h
WA RACR (£ 8) . Z5RE U5 XN LR
R (Cd) BYEY & &8 0.41 meg/kg, i KAH A
1. 11 mg/kg; Bl (As) i i KK 43. 25 me/kg,
AR T S T . XU E
A —E R E A 22, AT R AN G B 23 1l
A H A HE R RN , 5 3 A R A AR

o B D R 7 811 | N W R YIA  9.01)
THEE SR TR RN R R E SR R
SRR, MRS G PRAE AT RE 231 i 49 4 1Y

T,
2.3 TESEEFTESHEMLE

it FH 2 TR (A TR 2 ) 4% 3 E 4 i b ek fh 2
FICE 3), F L4 B 2 6] 43 A R AR (8 W5,
2022), ZEFEIRCd . As B EIF IV S0
LR A, 8 7 Ho o A B S5 I 2 DIAH G, 4R
I, R DX S ZEVE KR (A48 e 1YL 7K B A
MEERFW (R 7) , HE S8 & w8 T4 W%
FHAKBRUERRAE . R, BT L HERS SR K 2 S 3k
W3 Cd As BEM R ZE HERIE, Cr Ni Zn
Oy AL — 3, R X R R B A T F AT IX
S R P OV 3 = e A% A 2 s N [ O S S 2

(@)

As (mg/kg)

(b) (©)

Cr (mg/kg)

Cu (mg/kg)

Y

.,
f 0.
0.

0
0.
0.
0
0
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= g ®) )
Zn (mg/kg) : Ni (mg/kg) pH1H
T % 4, P
; 398 7.5
| 383 73
Sl 36.0 7.0
- 321 6.4
et 8 292 6.0
Y. o 26.4 5.6
- 21.9 5.1
.\raljﬂ}fJil e
. - ‘: y .I.:-t'..' .—-‘ ..L—‘
» o, R L
e ) ’” .- O | .
‘ & i &
VR | REAN | Samd

Pl 3 b o O3 A R
Fig. 3 Distribution characteristics of heavy metals in soils from central Yunnan Province
(a) As HBERILZEIET; (b) Cd HIRILEIE 5 (o) Cr HBRALAAP 5 (d) Cu HBRILAIE]; (o) Hg HuBRALAIEL
(1) Pb HUERILAE; () Zn HERALSA 5 (h) Ni sIERIE2A18]; (i) pH {EHER L2 4]

(a) Distribution map of As; (b)distribution map of Cd; (c) distribution map of Cr; (d) distribution map of Cu; (e) distribution map

of Hg; (f) distribution map of Pb; (g) distribution map of Zn; (h) distribution map of Ni; (i) distribution map of pH

T EH . Ph Hg @A X 540 A
X EGRF, X W H R R E 2RI T A A
FE a2y MRk ) S5 AT Y (AR 3R SE N
KA, X X AR T S AR X B
) LA — 71 pH AIRME X (FR 1) 2200 0 T 5%
DX PG FTPEHE , A P23 22 hbhoh 32 DX 3
FE i o MR 2R AMRHE ] 32, R SRR 1T g
BT 4 R BT M AR WA Rk, R e E
I E X (B ) R A T R R A

2.4 TESEESEEN

2.4.1 ABFTEETEITEM

SIX MG 25 A 05 e dR BT A R 0. 616, 11K
FI5 Y HME (0. 7) , R MBEIER , 354K
Rk, SR, IZAEECE 3 FIR (0. 206 ~5.263)
HAZ) 109 M FE 5540 T A R S50 5 etk 24 16 BH
FEAE 25 1 J iR i e UG . P 82, 629% I
Py/INF 0.7, TCI5 YU s AT 7. 38% 9 HE il Py St T
0.7~1 Z 8], i5 375 Y EHAE ;A 6. 67% FES Py
T 1~2 ZE N RETG YA 1 90%MFE & Pt
T 2~3 ZME], R TR A 1. 43% RN Py KT

R EFNEBFTREEOITMNER

Table 9 Nemerow index assessment from central Yunnan Province

FEAS 2 IR (L RR I B A

UGG NN TR | KH s o I | WROK I | 3SE A | oAb X
FH b A 385 2 IXURS: 457 #8 o (3 -
o . As 0.266 | 0.231 | 0.222 | 0.226 | 0.355 | 0.241 | 0.269 | 0.259
1) (GB 15618-2018)) M iz % cd 0.612 | 0.897 | 0.795 | 0.883 | 1.869 | 0.650 | 0.483 | 0.678
SR RN [A] M R 28 R AE R Cr 0.269 | 0.414 | 0.441 | 0.401 | 0.272 | 0.400 | 0.369 | 0.302
7] pH (X 5] T 4 8 35 22 AL Cu 0.542 | 0.827 | 0.540 | 0.210 | 0.325 | 0.373 | 0.326 | 0.533
- Hg 0.097 | 0.013 | 0.017 | 0.021 | 0.020 | 0.020 | 0.008 | 0.078
FSe NI VA EnlEE =
0 (LA S VA o e (RSB Ni 0.350 | 0.369 | 0.400 | 0.335 | 0.157 | 0.339 | 0.272 | 0.351
2024 ) , 75 B[R - 48 Bk 19 5wl Ph 0.226 | 0.244 | 0.260 | 0.248 | 0.165 | 0.248 | 0.174 | 0.229
T SE A 2 v 4 R Zn 0.308 | 0.325 | 0.342 | 0.345 | 0.285 | 0.326 | 0.307 | 0.313
’ Pu 0.575 | 0.826 | 0.695 | 0.685 | 1.372 | 0.514 | 0.396 | 0.616
s I NS Ay SH 47 5 25
i%ﬁﬂiﬁ{gﬂi’{k%lﬂ:/rj‘l:l:ﬁ B SR 323 19 44 18 3 2 6 420

(VLU 2024)
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Fig. 4 Ratio of the Nemerow index among different land use

types from central Yunnan Province

3, BIAFE G YK,

AN [ 4 = 1 ) 2 70 B N AR 255 T e B
EF TR > R > 5 > Bl > 42 X > K > 38
108 2 i P > A CRAT M R SR A Hb R 55 ) |
DX, FEASYBIF ST X I P, a3 K 2 S i 4 1 )
SRR T YR B R, A T T L E K
E(E 4,%9), [EMAERRE, BT A b H
FAV AT = 2 NN TR B A 22 52,
o HTG YR B AT BB HL A T 45 A B AR IR A7
fifIsE

BEAN, A IX M B 25 AT Qe die B s bk 3 5
Cd P FHE BT 4 i BE AR, B Cd & 52 i i
HIX A IEE S BTN R FE ot R, W
U, IO V37 38 A B o W, 5 AR
Syl Cd %5 48 M A, DAREAIG X 38 £ e 5 g
JAUB

BT 4 J@ A, WK A Cd B R T3
Bl 1,869, 15 R BE R B E WA (P, A T 1~2 2
] ) o oAt i 1) FH A R0 f BT o 4 S B D TR B

R0 EHPLEESEBEESARIEL

JEEA 0. 008 ~0. 897, 1/NTF 1, F B ax 4 4 M i FH
ST ) BT E 4 A JC TS YL AR
2.4.2 BEESKRITEN

JITA T 4 JE 25 A e AR S XU A8 B A [l oy
12. 82~244. 96 ,“F-2{E Fy 32. 54, Mfk b Jy iz i b 24
faFE (£ 10) . (LA 4 FFFES RIATF 150~300 2
], e F GG PR (R 1)

RN EPTESEREEESAREISHER
Tablell Distribution of the potential ecological risk
index for soil heavy metals from

central Yunnan Province

E G T
b
RifedE | hEAF | maE | RImAE | RRaE
As 420 0 0 0 0
cd 390 19 9 2 0
Cr 420 0 0 0 0
Cu 420 0 0 0 0
Hg 420 0 0 0 0
Ni 420 0 0 0 0
Pb 420 0 0 0 0
Zn 420 0 0 0 0
RI 416 4 0 0 0

B Cd b, KRESR S AESEERUE,
RRAEFEIEI AL 40, O E 48 e S
XU AR B IME A €d>Hg>As>Cu>Ni>Ph>Cr>
In, BRI E R EAML, cd W E,, T
{4 20. 34, BRI MIEFE HZA 19 FFFE R Cd
M E. BT 40~80 Z[A], N AEGE A 9 AR
Cd W9 E, , fHAT 80~ 160 Z[H], fi 7 45058 4 2
RS Cd B E,  fHAT 160~320 Z 1], fE E S5 AR
5, ULIARFZEIX L3R EEA S KKK A T Cd oo
S8

FIFHRERR BUMA 2 XI5 DXV 70 A A AU 5 4L
PEATZS AR A A0, P A1 RT A8 50 M St v e 4G 74
R A, FE X EEE R T IR)ITH A,
Wl S AR . 55— (B XA T R e 75 i A

W BEYOR A ARE X A
T sk K —H K (K

Table 10 Potential ecological risk index of heavy metals in soils 5),

from central Yunnan Province

2.5 TIERESREIRMGHR

K| As cd Cr Cu Hg Ni Pb n R 2.5.1 BELSH

FRIE | 2.59 | 20.34 | 0.60 | 2.66 | 3.13 | 1.75 | 1.15 | 0.31 | 32.54 Xt 8 ME4LEILEHIT R
i . 4. .34 .54 11 4 4 14| 12.82 S s %
f/IME | 0.65 50 0.3 0.5 0 0.45 0.40 0 8 ﬂ%%ﬁ*ﬁo %*Hﬁ%ﬁ&
JRAH | 10.88 | 196.00 | 1.45 | 35.80 | 20.67 | 4.82 | 2.56 | 0.62 |244.96

0. 39 I}, A] 43 i, Cr—Ni—Zn |
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Fig. 5 Spatial distribution map of the risk index (RI)

from central Yunnan Province

As—Cd Hg—Pb Cu %5 4 KuRAEG (K 6), Cr—
Ni Fll Cr—Zn AR ES 510 0. 88.,0. 74, K WX 3
FPIC R T /8 1 AR 5C 2R 305 A A TR 14 R U (KR
P&,2021), H Cr.Ni.Zn X 3 FhoE £ 5 TFe,0, .
MgO AL O, FIAHSEREITE 0.7 DL L, it i 35 1F
K, FEH T AL B P TFe, 0, MgO (AL, O, J& i,
i RIS KA S T B ), 3 R H SRR IR
JLE 5 X o0 R B A KR A O (T Ak,
2021) . As—Cd, M RECH 0.50, 3 IEAHC,
878 As Cd ATREIRIR B A, Hg Pb —H M C R
BN 0.398, HIEASCKE R, TEAHICIKE R 0. 35 Fi
0.32 1}, Hg JFA 5 Cd As 50 BB G, ZUX N
Hg Z RN Z R R Z W52, il g oA ZFRIE, Cu
BAMS M, 5SXNAER ESILERA B X R
B, KNALER FGITIEH —Boa T T o
L RARI S e R 2T S RS . =
5 (2009 ) £ FE e 7 Hb A0 25 U410 DR 1 ot b BR k2
FARA T 58 ) b th T 0 B R < 52 Ak 2R
e TR 3 TA R B S BT I AR DA SR (D 5 1)
RODHITB, 25 Cu WREMD AL E
b, e B E A —id B A A R AR O R
UUE T AT,

(b) MK R
1 0 01 02 03 04 05 0.6 07 08 09 1
| | | | | | | | | | |
0.8 i ——ALO,
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Fig. 6 Combined visualization of the correlation matrix and dendrogram from the cluster analysis of heavy metal elements from

central Yunnan Province: (a) the hot spot analysis; (b) pedigree diagram for R-type cluster analysis
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2.5.2 PMF iR

hy it — 20 B o B TS e ) R BRI SR
IEAZH M R 7 o3 i AL (PMIF ) EAT DR A AT, 4%
JUR K BRI 3 TR A E B, #F
4 R IC R % HE S HOR B 2 i i A PMFS. 0
b, wERNTECY 2.3.4.5.6 717, 3045547
RHEE ] 20 K. Bt ZIRSHOAEE 4 IH T80k
EN S B AUHASF—2H Q(robust) 1 Q(true) {H, H. Q
(robust) = Q (true) = 814.5, " F WH N 1 (/N F
1.5), i, 25 T0 3R 98U e LE (S/N) B /ME N
2.3(RT2), EaJmITR & &S E S B E Y
A IS R IR/ P H 0.617( KT 0.6), %
B 2% T0 3R AURLDUE 5 B SR 2 0] A 325 B 5 ey, A
IR RICR R (W4 12)

x 12 HERESH

Table 12 Parameters for model calibration

b | As | Cd | Cr | Cu | Hg | Ni | Pb | Zn

S/N | 7.9 | 3.7 | 8.7 9 2.3 189 |88 |89
/2 10.994|0.927|0.809|0.999 (0. 617 |0.954|0. 882|0. 896

PMF BERUgEHTH 5 AR F (B 7). Hd HF
1 BBTHR M 29. 65% ., BLPFXF Ni Zn Fi Cr A9 5THR
FAKUK K 64.8% 58. 8% 1 51. 8%, TE 5 T4
H BRI 16 NiZn Cr 1 5T KR4 4b F 85 s K OF
BRI BIR , Cr Ni Fl Zn Z A FEAEN Ty 3
IEFISE LR (P<0.01), I H 5 TFe,0,, MO F
AL O, FFEALYI AR REE T 0. 7, 2 I A &
FEIEAH G M . A b 5V £k 2EFE R TFRe, 0, . MgO
Fl AL O, JE R i B 5 Wb 5 227, 38
HAEOLT , HACRIR R T R 5 X Se 4 W) HA B
Y OCHR M (BRI LR ,2017) . BEAh, R 1 X Pb il As
[ BTRKR20  35. 6% 1 26.2% . % 4 5124
REH], Cr Ni Fl Zn FHXT F o pg 8 B Sl &
LR 51 0.86.0.9 F1 0. 8, 33X B M E W5 X 5k
W Cr Ni fil Zn B E¥ & E S s B ES 5
BRI , FLAE 4 e ) 32 R A R T (T
TK2%,2024) o HHULETLUHEWT, T 1 AR ARE =
KR, LT L2 B AR A At 1 BTk s PR 2 1)
di R 23.33% , HX Hg #Y TR ik 70. 5% , %
Pb Il Cr S0 R DT Z . AWFEds i, 11
HOR 1 2 Ok TR 2 R AW TR DR (T8 R F,
2022) . FEREMAE N w4 0 3 2B R A X R
i B B ML T 0 i e h A —
IR . FERRBE FR SRR R Bl 38

R DL AR IR 45 7 =X, DA TR DR i Xtk
AT JEZER R KRR R MG %
AT RS AT A A LSS AR (R DL, 2024)
5T XN A 2 56 A 06 AR S0 A8 118, 400
AR, TERZEATRI R b DILA% 25 1 1 JBE 45 T s
PAo P I T B A R R R B A AP, B
65 B T B A 2 7 A SR A, X s 28
UK G 2B A 58 G I 3 b i A B A
EEIREWEE, NGRS BRI R, KT
T E DX R AR R AR DU R M2 P % XSS B
AFDGEAR S, U H R A 50 38 28 % W LA B e B4 vp A
TG DX SR AN ) B s AR e o PR AT A P 5
2 EEORIFEFRAE Sl fBEA, 8 T RAVIE
H

HF 3 0 R 17.75%, HXF Cd /Y 53wk %
=3k 90.3% % As Y TTER RN 18. 9%, MITHR MY
XA A R A T 24T B B ) R (L DX B
Je NNt S 2Pk o A, i SO £ 31, 52 DX Tl
LK) Cd 5 YRR B B IRl I )IVAE 2
TR« BESE IR R VR T A I N e AR LR B AR
M, TAEHEIN BT 7 B IR 5, R R 4
BEJRET AR, BTGz L2 R
JE Cd BAEM FEHAR, 725 A KA T3 i kil A
KEFRBENT, Sa5 iy Cd # AR )
TR o I LB TR I R KR s T8
MORNTTIRZAE et X, BIRAFST X AT S bty B
T UG VG AR S g b, i PR 58 K 8l 1k
55, BN L 5E DU R A LSRR £ I EHE A, & Cd
B VPR B LT R AR B M BIFSR X MBS0k LAl
PR , #51 AOYR VDA T S TR ] i v L
AR, AT R AR L PRI YT g A ) A T
) Cd & i, Wi i R R A A, X A2
Wi 4R Cd A EEOR I (45 58 55,2008)
AT RN T ARG B A TG T K B R R
(R, H BRI 8 B H w2 0 P T B %) 5
P, LU H L 7 A, an SR AR 2 Ak
PR B R A I ST b AR S R
SRR BCN W BRI . S35 42y ALRE iR
TAHKER As F1 Cd, G A 25408 25 1m)
BT HEOR = 1 A RN 4 (8 T AL AR, 2020) , #70K
AN KA it 2 BT WK FERT i A A S R G, 1
W RiE%E, Wik, N 3 EEACERR TR S5 &
PG BIR AR IR, 5T 5t AR SRl A= ™
AKX,



12 weoBoE W 2026 4
4 S 2 G UK T 4
%10' #) ] — [ 100,\? JEAE L e B (i fE, 2024)
2 - TR e
i‘ﬂﬁuﬂ - - P TS M 11.74%,
gocl® o L1 Ll o PP T wosemmmmes, s
- N N i 66. 6%  FATER I TR (%
2o o P e T s aEs s
. L Tooi T — B B2 A S %0 %
£ - ’_‘ M gl B oacmEmrarss xE
& 104 i , n , , , —o S X DA YR B TR AT J2 A6 (i
& As cd cr Cu Hg Ni Pb Zn . 2k 2010) . A T SREY Cu 75
pur H ] s A HE A AR R
A T QUIERAL B BEYE, KR
w0 - ‘m] ml ] B DUEST R ()
s — W e war iR TR
3. —— o0 R R TR
20 m SRR T S0 T A
Ewr. . H 5 smE, MK KT S RET 55

sopl | o [ml B |'i| ol B35 s R,

As cd Cr Cu H Ni Pb Zn 2.5.3 MEE=EAAFEIN
21 [ "< SEFMITE

el u 1.5 PMF I AT 4 2 5 25 11 53 A
gwl m H 172 4FiERn], BF50 K 0T & AR
S B (k) EER, N 1CAHRTRIR) A

rate of contribution (%)

& 7 4T 4 S PMF BIRUE AT IS YL ik ok

Fig. 7 Soil heavy metal PMF model analysis of pollution source composition spectrum

from central Yunnan Province
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(MR 25515 G T8 5034 ME 0. 616) , 25 [H] 73 BT 3R
W], Cd 25 S OCHE R TR, HAE e IV = A4
e AR S TR i A B VA O, 5 BUR i XU
Sk IRURG: 45 B ) 0 DX

(2) VEAEAEZS KU PP 2R B, BT DX AR AR 2
fEERM, FESEABRENT A Cd>Hg>As>
Cu>Ni>Pb>Cr>Zn, ¥R M fa 5%, FHEEM
&, Cd Z Tk FE R ICER , HAEA S 8 AE
IBSAELARRT S M, 38 78 7 i 2045 3 vp g %o e 28 A7
T LML

(3) VR R, LIEE LR 22 AR
o (R BEBT KUAL, TTER AR 29. 65% ) FIAN K% 3
(RAVRE Al 5 i iR A IR 45 ) e [ 52 m
o REE ML 5t (0 HLZ ) 2 Cu SFIT R
BRI o 3X Ry St 3 DX 428 ) 8 Sk A 4 SR g (n o
SUB R A UTRE 5 A M TR, OC T b 5T R 5 S X))
POt T H AR

(4) ZE Lrd 5 IX HHEEREE i SR B
EE(CFY pH=6.78) , HIEE &R I AR MK
B RS, T ORTE Cd TG EAE IR T 2 R i)
23 (0] & AR RRAE , TR A A2 5 R R (ane it T AR Ak
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Risk assessment and source apportionment of heavy metals in farmland
soils of the Longchuan River Basin, central Yunnan

HUANG Jiazhong'* , LI Suoming" , TU Chunlin" , JIANG Xin" |
ZENG Liang" , WANG Bingjun" , SONG Lin'?
1) Kunming General Survey of Natural Resources Center, China Geological Survey, Kunming, 650100;
2) Innovation Base for Metallogenic Regularity and Effective Exploration Technology of Hydrothermal Gold—Copper
Polymetallic Deposits, Geological Society of China, Kunming, 650100;
3) Technology Innovation Center for Natural Ecosystem Carbon Sink, Ministry of Natural Resources, Kunming, 650100

Objectives: This study examines the distribution of heavy metals in the agricultural soil of the Longchuan
River basin, situated in central Yunnan.

Methods: A concentrated farmland area in Chuxiong City, Yunnan Province was selected as the study site,
and topsoil samples (0~20 cm) were systematically collected. The analysis encompassed evaluations of soil pH and
the concentrations of eight heavy metals; Arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu) , mercury
(Hg) , nickel (Ni), lead (Pb), and zinc (Zn). To assess the risk of heavy metal pollution, the study employed
soil pollution risk screening values for agricultural land as a reference point, utilizing both the Nemerow
Comprehensive Pollution Index and the Potential Ecological Risk Index methodologies. These approaches facilitated
the assessment of pollution risk, identification of primary sources of heavy metal contaminants.

Results: The overall soil environmental quality was good, with an average pH of 6. 78 (neutral). Except for
localized Cd exceedances along the Longchuan River banks, heavy metal pollution risk was generally low.
Compared to Yunnan soil background values, As, Pb, Hg, and Zn were depleted; Cr, Ni, and Cu were similar;
Cd was relatively enriched. The average Nemerow composite pollution index was 0. 616, and the average
comprehensive potential ecological risk index was 32. 54, indicating overall low heavy metal hazard but notable
local ecological risk from Cd.

Conclusions: PMF analysis revealed five principal sources: Pedogenic parent material weathering ( natural
source, 29. 65% ), atmospheric deposition (23. 33% ), a mixed source of agricultural activities and riverine
sedimentation (17. 75%) , direct agricultural activities ( 17. 54% ), and a mineralized stratum source associated
with mining activities ( 11. 74%). The results underscore the combined influence of natural geology and human
activities on soil heavy metal accumulation in this high-background area.

Keywords : agricultural soil; heavy metals; risk assessment; source apportionment; Longchuan river Basin
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