AR R 2R 2026,31(12):164-179
Journal of China Agricultural University http: /zgnydxxb. ijournals. cn

ES N BN AR EEF . EHEG . EAT. EFPMFEENAXZRER(ARGTRORBLIHESRSRRANSEEESHE LN, FERL
KEZH,2026,31(12):164-179.

ZHANG Yufen,LI Ru,XIE Yuxin,ZHOU Lei, ZHAO Baoping, FU Jianwei, WANG Yongning. Sources identification and potential ecological risk assessment of
heavy metal pollution in farmland soils at the southern foot of the Greater Khingan Mountains (Inner Mongolia section) based on the PMF model[J]. Journal
of China Agricultural University,2026,31(12) :164-179.

DOI: 10. 11841/j. issn. 1007-4333. 2026. 12. 13

ETPMFREPNAHXZIRERE(NXHTBROKBLTEESERETHE
IR S B EESEEITEM

KEL' F #H' MEH' A F' REE” fﬁ‘%ﬁ# EAT!
(1. NEEE RIE R ARl 5B =B, N5 il 028043;
2. N R R 2% Bl 2% e, N 52t T8I 0280435
3. BT AR KA A2 B, RIS FF 010019
4. AR B AR 2S5 AR B L AT R 010010

i B ATHBAZEFRAARBELET L BT EFIEFFTERR, REXSESHREAZFTEORBEAEL
40 AR B B0 R T RO 5 KR B i AR R F R R R 2 8 A &4 & (Cr.Pb.Cd . As Hg Ni,Cuf= Zn) #9
42,8 Pearson X RS RAFAR T LB TLEFRANXBERE  Z5L2LTRAEEEILNELBETEIAR,
ERIERAESER TR (PMFEA)E M FTERR FIARTROGBELASEFTFNER, FINFT R
TS AZEERNRAN LIRS, ZRAN ARLEASHELEA TN FHLETAARBLI LM LT NG
SRR, G TRAREFLEFRMA,CrARHg TR EFRK, TALFIF AR KR ;8 T4 B F,CdF Hg
HAESHEWEFTRER, ETRASAT  AAELETARREG YR  ETREASEET SHELELEL
AERAERTEERE, I AR AN - MAERRILEFTLEEIERRTIL-RilEs RBESH RLE
IR EH A LEFRRAL, &5 F R T HFE A A 37. 41A\18 10% .13.72% .12.03% #2 7. 75% ; &5 %
RAAEESRNE ZH(RDHEFE KGR LR H66.89, Ak T L-Ri@ AL RH63.78, FRAEXBRAHT FIFR
LA A 19,304 11,36, % A6 B KRB A 11, %O-Z&Jk‘«ﬁl;&”é%'%‘#ﬁ?&,(/d\Hgmﬁ%'Eéﬁm%o b KRR
A REF LI EL BT LA WA E I ek A IR AR,
KW KRwii; T4k EXEMETHMBER,; BEASIEET RN
FESZEE  X53;X820.4 XEHS  1007-4333(2026)12-0164-16 XEARERS A

Sources identification and potential ecological risk
assessment of heavy metal pollution in farmland soils at the
southern foot of the Greater Khingan Mountains (Inner
Mongolia section) based on the PMF model

ZHANG Yufen', LI Ru', XIE Yuxin', ZHOU Lei*, ZHAO Baoping®’,

FU Jianwei*, WANG Yongning*
(1. College of Life Science and Food, Inner Mongolia Minzu University, Tongliao 028043, China;
2. College of Pratacultura, Inner Mongolia Minzu University, Tongliao 028043, China;
3. Agriculture College, Inner Mongolia Agricultural University, Hohhot 010019, China;

4. Inner Mongolia Agriculture and Animal Husbandry Ecology and Resource Protection Center, Hohhot 010010, China)

Wis B 2026-02-02; 3 5% B # : 2026-05-22

EEWMAB: BRARKLZ=WHFERERETR(CARS-07); AREHBAERXEAET(2021SZD0017)

E—1E&: HKEF(ORCID:0000-0003-3799-9236) , Bl #% , EENE L EM =TT R ER 5B EW R . E-mail:zhyf103078@aliyun. com
BIEE: BETF(ORCID:0000-0002-3406-1413) . #$F , T ENE L FEM = HIRE T LE R 5B EM K . E-mail: zhaobaoping82@163. com



%123

KB IF A T PMF A5 (Y O 2% 22 e T 7o CPA 58 vty B ) A I M o 3 G JRR U0 5 T 7 LR 25 A8 T A

165

Abstract To understand the characteristics and sources of heavy metal pollution in Inner Mongolia soil, 140
samples of surface soil from farmland at the southern foot of the Greater Khingan Mountains (Inner Mongolia
section) were collected. The contents of Cr, Pb, Cd, As, Hg, Ni, Cu, and Zn were detected by graphite furnace
atomic absorption spectrophotometry and atomic fluorescence spectrophotometry. Pearson correlation analysis
was adopted to reveal the correlations between elements, and Kriging spatial interpolation was combined to draw
pollution distribution maps. The positive definite matrix factorization model (PMF) was used to quantitatively
analyze pollution sources. A potential ecological risk assessment model based on the source was introduced
to achieve precise coupling between pollution source contributions and ecological risk contributions. The results
showed that the average contents of heavy metal elements were all lower than the soil pollution risk screening
values, but higher than the soil background values of Inner Mongolia. Cr and Hg exhibited high spatial variability
and were greatly affected by human activities. Among the heavy metals, Cd and Hg posed significant ecological
risk, while the other heavy metals posed low ecological risk; the overall potential ecological risk was at a moderate
level. The main sources of heavy metals in the farmland soil of the study area were industrial transportation
activities, agricultural activities, mineral mining activities, transportation activities, and weathering of soil parent
material. The contribution rates of each pollution source were 37.41%, 18.10%, 13.72%, 12.03%, and 7. 75%,
respectively. The agricultural source with the highest average potential ecological risk index among all pollution
sources was 66. 89, followed by the industrial transportation source at 63. 78, and then the transportation and
mineral extraction sources at 19. 30 and 11. 36, respectively. The natural source was the smallest at 11.30. Cd
and Hg were the priority control elements, while the agricultural source was the priority control source. The
research results can provide scientific and reasonable guidance for the precise control of heavy metal pollution
in farmland soil in Inner Mongolia.

Keywords soil; heavy metals; Positive Matrix Factorization (PMF) model; potential ecological hazard assessment
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Fig. 1 Overview of the research area and layout of sampling points
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Table 1 Statistical characteristics analysis of heavy metal content in soil
, R B [/ WL 2 {E o . AL I 9 2 A
W 4 5 2% ) - . PR R RN GE 2 s
(mg/kg) /(mg/kg) N mg/kg
Heavy . . . . Standard  Coefficient of mg/kg . .
Concentration Concentration o o (157 Risk screening
metal type deviation variation Background value (19]
range average value value' ™
Cr 35.90~90.71 53.41 33.11 0.62 41.40 250. 00
Pb 18.31~71.10 36.36 10.12 0.28 17.20 170. 00
Cd 0.08~0.72 0.19 0.09 0.47 0.053 0. 60
As 2.69~36. 30 10. 57 4.55 0.43 7.50 25.00
Hg 0.02~0.58 0.09 0.07 0.78 0.04 3.40
Ni 12. 04~50. 08 30. 37 7.87 0.26 19.50 190. 00
Cu 11.59~78. 18 31.39 11.63 0.37 14.10 100. 00
Zn 8.37~158.04 60. 38 24.37 0.40 59. 10 300. 00




%123

KB IF A T PMF A5 (Y O 2% 22 e T 7o CPA 58 vty B ) A I M o 3 G JRR U0 5 T 7 LR 25 A8 T A

169

AR pH T A 498 755 e JXUBS: i 356 L, {H Cd F1 As 11 55
AR ¥4 1 T KU 0 e, Cd L As A7 A48 507 B J) 3 4%
5 Y, DR O A R X Cd L As M T
YE 3 8 B TR 4 J& 70 K 1 - 20k B A o T N 5l b
X 3 5 H . Cr.Pb.Cd.As . Hg Ni.Cu.Zn F15
RN BT MM 12915 2. 11 4% .3.58 1% .
1. 4145 .2, 254% 1. 56 fiF .2. 2345 A1 1. 02 4% . 1L4h,
% A R AR S R B KRNI Hg (0. 78) >Cr
(0.62) >Cd (0.47) >As (0.43) >7n (0.40) >Cu
(0.37)>>Pb(0.28) >Ni(0.26) ; Cr.Hg 1) 15 5+ %&
$=0.5,)8 T4 % (CV=0.5),Cd.As.Zn.Cu.
Pb . Ni {728 5 28N 0. 2~0. 5, J& T b & i i 24 5
(0.2<<CV<20.5), L ilah Bt WImf o7 X 4 W £ 3
Cd Asi5 YA XT# , Cr Hg 25 M AR PR R, 2 A
FNE B K
2.1.2 X3 ELBAS T 5 M AFIE

XA 5% DX A T+ 3 rp 5 4 JE oe R kAT v B &

A 3 BT, 245 8 Fh 4 J& 70 K 1 B L A8 5 R AU
B P T 22 RO XS5, S5 0 WL 2wl H0 . 8 Fp
AR ot R BB R E R E ) >0.6, RSS
¥1<<400; B NiJCH A, R TRV E & B ¥ A A6 1E
B A AL G AR A7 & IE S 40 4 s Cr.Cd  Zn
P BRI BB P NiL Cu 54 15 307 R BB 5
As Hg £ & 15 8RB B3k 1 C/ (Co+ O HufH
o, 2R BB AL B 28 CN ST 2h) b | 45 a) A G o
S5, B 22 W) 25 Ae M Rl b TR A L R I
SR g YR IE L >0, 75, i BE AL £ 5
S 1 2 [ A2 S i B A, T Pl A M PR R S R 1 &
[E] A5 S R A /N, M B [ Ry 0. 25~0. 75, Bl BL AR
S5 4 R A S AR R AR T 8 AR 4 JE b R Cd
CuZn B IL b >0. 75 24 , A E & R A He 4 1k
Y320 0.25~0. 75, BB Cd.Cu.Zn HBEFLIH & 5]
2z AR R R ER K, KR E SRR kL R
FIZE 1 R 28 2L R 51 R 1Y

S EL
/E#o

®2 BRFAFERBERRSH

Table 2 Optimal semi-variance function model and its parameters
, " ik POt F AR /k
TemEN N , g EAE R R/

Heav o3 i B RERK FREFIM . CotC Co/ (CotC) Main

v Distribution Model R’ RSS 0 Partial base Block basis variable
metal type Nugget . .

station value ratio range

Cr ND S 0.776 121.861 0.009 0. 006 0. 600 0.012

Pb ND G 0.734 102. 556 0.016 0.014 0.533 0.027

Cd ND S 0.655 269.483 0.049 0 1.000 0. 009

As ND E 0.796 108. 649 0.017 0.014 0.548 0.007
Hg ND E 0.837 99. 802 0.088 0.052 0.629 0.016

Ni LND G 0.623 382.755 32.362 19. 268 0.627 0. 007

Cu ND G 0.642 314.574 0.081 0.008 0.910 0.033

Zn ND S 0.638 134.557 0.124 0. 030 0. 805 0.033

TE:ND, IEZ 50 s LND, X BUE 30 5 S, BRI R EG E, S8 8RE G, w i ek 5
Note: ND, normal distribution; LND, log-normal distribution; S, spherical function; E, exponential function; G, Gaussian function.
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Table 3 Cross-validation results of the optimal semi-variance function models for heavy metal

T4 R 2% 3 T A4 97 it T 29 f il 1
Heavy metal type Average value  Root mean square Average standard value Root-mean-square standardized
Cr 0.078 7.110 0.001 1. 046
Pb 0.048 2.792 0.012 0. 980
Cd —0.003 0.069 —0.051 1.217
As 0.026 1.994 —0.009 1.084
Hg —0.002 0.047 —0.021 1.037
Ni —0.039 7.600 —0.005 1.017
Cu —0.148 9.738 —0.030 1.039
Zn 0.056 22.09 —0.011 0.873
4R 2 7 4 A U R 2 M E A/ (mg/kg)  FMAE/ (mg/kg) W52 (H /70 E
Heavy metal type Mean standard error ~ Measured value Predictive value ~ Measured value/predictive value
Cr 6.709 51.21 50. 44 1.02
Pb 2.676 23.22 22.58 1.03
Cd 0.048 0.21 0.22 0.95
As 1.856 9.48 9.68 0.98
Hg 0.037 0.07 0.08 0.88
Ni 7.458 24.45 25.71 0.95
Cu 9.753 22.07 22.93 0.96
Zn 25.141 53. 64 52.52 1.02

A B 06 R AN K 5 Nif 5 K AK J3 A 76 283 138
T 30 B 3, (E A A 5 I ST XN Cu A 38 1A 7
WA, M2z, Cd.As Hg & &7 0F 55 X 04 5 3 A
X5 e, AR AL R AR X AAR , 3222 32 AR 1 B0 i 5 )
22 T1EEEEAENESRETEN
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Fig. 2 Geographical distribution of heavy metal in farmland soil
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Correlation
Cr| G 0.34 0.07 0.21 0.18 0.29 033 -0.10 :

coefficient
_ 1.0
Pb | Pb 0.38 0.41 0.27 0.24 0.16 0.03 i
Ccd ot cd 0.81 053  -0.03 0.13 0.07 0.6
0.4

As|( * o , As 0.64 0.08 0.21 0.08
, 02
He | X ' ’ Hg 016 007  0.00 0.0
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Ni | = Ni 0.27 0.18
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Cu | (. * 2 Cu 0.35 —0.5
7n = ek Zn ~08
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o6 580 AT B /N 7R AR DG /I S 6 15 B AN TR 5 1) 37 < AW I8 2 1) A 1 BB SR TE AR OGS IBURHR R AR G 5+ P<<0. 05, ** P<<0. 01,

The size of the ellipse represented the magnitude of the correlation, and the ellipse tilted from the lower left to the upper right indicated positive

correlation, while a non-tilted one represented negative correlation. * P<<0. 05, ** P<<0.01.
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Fig. 3 Correlation analysis of heavy metal content in soil
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Table 4 Validation of PMF model

£ 4w 280 B8 / (mg/kg) S B/ (mg/kg) o0 AR /5 0 A R
Heavy metal type Predictive value Measured value Predictive value/Measured value
Cr 58.06 57.40 1.01 0.73
Pb 39.93 40. 20 0.99 0.89
Cd 0.15 0.16 0.94 0.81
As 17.92 17. 30 1.04 0.85
Hg 0.17 0.18 0.94 0.80
Ni 45.14 45.00 1.00 0.98
Cu 61.07 60. 80 1.00 0.99
Zn 107.85 109. 00 0.99 0.99
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e S 5 T v B M TR U P R B R>0. 73,
Ui B >R PMF 55 AL B %5 47 3K 591 R A Bt 4% 2805
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S 39.36% ; ¥ 30 KK As-Hg Hp ] 75 Je i =,
TR R 5l S 41.03% F153.38% ;I F 4 7 Cu.Zn
o, o R 22,449 F61.89% 5 I 5 1 Ni,
Zn BTRR AL L 40 9o 29.62% F151.58% . AL,
0N s v =G I VS R i/ N [ S T s vl
Yok PR AT
2.4 ETEBATNIESEERASEETEHSR
i 2 PMF #5580 5 4k 4% 75 Ye U5 3 42 | 19 o3 ik
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%123

TR EIFAE  HE T PME BEAY Y RO 220 R 7E N 587l BOAR T B3 )@ 15 G IR U 5 7 AR e T 173

Zn

Cr

| .

Pb 1.00 59

571

050 100 030 it

00 T3
Factor 3

00 pir4
l'él Factor 4

0.50
1.00

B Fs
Factor 5

4 ESRBS5FEAFHIZE
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Fig. 5 The contribution rate of various factors to pollution
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Fig. 6 The contribution rate of heavy metal to factors
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Fig. 7 Spatial distribution of soil heavy metal ecological risk based on different pollution factors using the PMF model
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Fig. 8 The contribution rate of heavy metal to pollution sources and pollution sources of potential ecological risks
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