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Abstract

Fine apportionment of the heavy metal pollution sources is the prerequisite for pollution reduc-
tion and prevention for farmland soil. The sources of heavy metals in farmland soil are complex
and diverse, and the migration and accumulation process of pollutants are affected by multiple
factors such as topography, meteorology, vegetation, etc., resulting in different pollution contribu-
tions from pollution sources to farmland soil in different places in the region. In order to analyze
the different pollution contribution accurately, it is necessary to use multiple categorical and con-
tinuous proxy variables to characterize the emission intensity of each pollution source and cor-
responding influencing factors, and to model the relationship between proxy variables and heavy
metal content in farmland soil. The relationships between the heavy metal contents and proxy va-
riables are spatially heterogeneous, thus whether existing methods can solve this problem de-
serves investigation. To answer this question, we first analyze the sources of heavy metal pollu-
tion in farmland soil and their spatially heterogeneous pollution contribution, and then summar-
ize the research status and prospects of apportionment methods of heavy metal pollution sources
of farmland soil at a regional scale. This study aims to provide technical support for the govern-
ment and related organizations to take measures to prevent and control heavy metal pollution
risks in farmland soil that are both economical and environmentally friendly.
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A AR AP A P R A PRI, REARH R E SRR IR], BT R E SR A
AR W TE. RARNE LR AN MRS S Y i, AR E 3 B SR R VB R, SR
SO S BCR R 22 5, RARBHENFRMERAE SRR RE. ik, E%ET 2016 K (1%
TSRPHEA TR flE 7 B RS UG TAERATZh 4940, Bl 1AL 2050 4EiN L IRT5 4By
A TARESS A H bR, BRI PR S Ye . A H 4398 5 J KUK B 128 R S B TSk PR 2] PRI, O
1) RE B2t SRR IS Qe S PRI I, 15 2 75 SORS AR AT iU B HLnS IX IS R i B AR ) 22
TS G TR -

AR IR E SR T 2R RS NOVIRIE N, RN S 2K RIS 5 R EME . R
FERE 2 PR R 52N . O 1 RS AR AT S Geliion DX R 7 B AR R 22 504075 B ok, 7 B 222K
AN SR HEAR B (R SCHRON “ 2 YRR G R AAEAR 7 ) RAE 255 Yl 2 1) i HH o B S &, I
EEAHARSRETIRESRSEZARR. BT REREE A EMRENZER, DA RYIE
5 FARRFAL ) 25 (B AR G PE AN S B 1k, B0 ¢ 2R 18 ) P 1 2 (B Vs Tl P A AR A e (ELRAE XA
(7] #4873 1) 22 5 A7 AL R 25 22 57 3] [4], BIAFAEZSIA) S B PE R 2R o o B AT IR 2 18] 57t o 5k R AN RE S R AT
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¥ YR DX IRAN R B A FH ) 22 A v e ok, 3 RE 8 moht X e Ak v e DT kAT RO AE BRI, T 2B
Fioe R FEUA R @A R [5] .

W, I SR S YRR TR R TR BT s YRR T AR AT T IR S RS
SRT =2, REREXTTS YoRIEIMT e e B AT . (B iR N I T VA R B A T e SR
o XTI, V5 YRS R E 4 2 (AR A A0 B G AR OO EORIER 22 1) 27 DAV 3 LS5 R A by 17 2 2
=988

25 B S5 o 1 o AR A A (AU G AT S A ) A, H AT E X iZ )RR AL L BUAS T 38 i,
HERINAR [A] 9 5 25 B) 22 7K S AL o ER IR B8 7 VA T VA RO B 22 4R A SRR AR . T LA ST 40
(3T A5 ML B T I R B A AR (AR THRE . SVML. 48 R 2% 25 £8 b T 2 i VR & SR AR AR B D5 T
HABZHMRSE, EAEESERRERR. Hik, TESESWHMITERMRSE, Bk R L
YRR A AR AR B 1) 25 (R S T 1 O R AEAY P TR 4R AR T B AA v 50 X Sl A [R] 67 B A FH 1) 22 30 Ak
B DTk

ASCE ST T AR B 5 G SRR R S B S PR TS e ok, 7R R R BRI T X SR
8 G JR V5 YRR AT T VR AR, R TR RS, RS R T R IR T iE
2. RATMESRISHEKIERELT B FFRMSRTEK

s B 43 8 T E ISRVE 4 AR N YR IR SE[6] [7] [8] [9] [10]. HARVEELFE L BER . AA
R KRS, BATESE. Y. MIBPEREEHT, BT 1 E SR S H[11] [12]. A NE
FEASE TR, R, B A R RAGS, B KA. RS ER. BR SRR
M E SR, AN RBUSFEZ R G. H IR AR b 55 R 3 A 5 [13] [14] [15]. V5 Jilii R 2 5
T IR 2% ) 25 TRV AR O M A o0 e, 38005 Gl it - 338 11095 G T iR [] Ak S B0 2 TR A St LR ik o T
HARETTHR, BR 7 A EREE B o 5 AR PGSR R4, TR UURTE/NRREE b, T
TERNA PS5 IR 2R (52, T R 1 3 [ 43 S P R AR B e Q) 2 U S5 B 0 20 A 4 R [16] . AR, RS
GB35 e LA A B3 AR 7 37 bR o o R R K DT 88, 35 P DTRRAE 5 R) b R AR LR e AR 3R (4], T
Ak RUUR TS e WIAELE B R PSR AR (i 5 HE . AR 20 48) BS54k 0 A (U0 A2 38) [17] [18]. PRI, A+
BESBRIGIIRZA B E RS, HA R REEZE BB, 5 B Xk B 4458 5 4 1095 G ok
BUEA7- 6 ) 308 0 2 1D RH DG AR AE 4 =) b 2 i) SR 14 [19] [20]

e G 5T P HEE R TS G IRsR T 5 vk R AR B HE U , TEIR s Yot DX AN R B 1T
Juligy i o DR — AR A AR B AR g W LA HH 5 B P 2 1) 23 A, SR 438 R R ISR AR AR U,
A8 FH 55 Gt 18] R 25 AR B BOR W s 5 e s B, (RIS HE A ORI RIS AL . PR . E RS B
8 B I A S A YRS JesR B [17] [21]) [22]. TERZARAI T IR, B 2 3 Lo 15 o AL XS B2
By JR R R [23] . EARARERAR B REAE S WLy Y il 1) S (R 2 57, (HE AR BN gl &, i©
TR F RIS RRWHEE, H5TIEESEE RS R TESERIE, FhgEiHES 55
DUER[24] 0 AR X OR B b, AERAR B 5 35 et th 43 A 2 [ A AE 42 R — B Ze itk L g o6 &%, 1 L
AN S5 GLUR B DR LA SR B 2 RE R DR R AR T A e i, SRR S LIRE SR
TR IAIRAREX AR AAEZES, WAL RRAMR RG22 LR AP RS R B 2
(R4 ) 5 RR) [5] [24] .

DRI, % 275 Bl (1075 G DT HRAEAE R B0 1R 225 [R)AH OG5 4 JRy ) 2 ) S o v, L2 ) e RLBBE 22 31 6¢
Ko AT LI 2 4 TR G S RAR I AR 5 RAF V5 YL 7 X AN ) 2% 8] A5 B P v s Hh o S L sz o IR 358 4
HERMEAES TIRELE SR Z RSB TR R, 7F X R 35 5 48 75 G Ui il b i 1 ) 2
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LA A FR 2 ) 5 B O AR [25]
3. RETMEESRISFRBATERALRES

VSR AR X 15 SRR AT S e s R AT T R T TR AT R AT A
SR RAEAHT 15 GRS R T = KO 1),

Table 1. Apportionment methods for heavy metal pollution sources of farmland soil
1. REDBEESRSRRERGE

RERHAIL BirERzE REEREN

R AT REER “mmw AR PREER
15 YR M TRHERE ik ERE Py NS 7
AR T F& 4t T ik RA. PCA. CA ek 7 N Fo
(G IR TT PMF. UNMIX SE & FE AL 74
4iit) HETTE PCA-MLR. APCA-MLR EE 5 JEF=VN 75
JCE B
R EVE  FEMELEE. B4R R P FE s AL 7
AN
o FEMERCAS Kriging. SGCS. MFK e & ENE &
it Ay e SOCSTRME Kigng o
= R it +PCA+CA. Kriging . 2 BE AL &
Z gt +PME P
I EVE MLRD. GWR e = i3 =
HLEg 2 CIT. Cubist. SGBT. RF EE & N &

5 G5 3 778 32 B IR HEBOE Bk . 1R ITVEAERT #2875 JelDIR LR A A G ok 1 Bl b, AR5 B
5 035 2 7K T 5 HE I B A 2R Ay B e HE B [26] 0 VELH 75 Yl B de S e P AR, HL T Yoo [X 3
TIRAE RoTERAEE A R S, AFSRIRERE SR LIETR N BRI E ES, KIZriEA RS
59 Gt XA [F) A7 B AR H ) 22 A5 G ok, e LLAH T4 A HED 2

ARG HTIE LG QSR (L) E R E R e &, BT UMR G2 oSt ik 3. R B 5
Hr(Correlation Analysis, CoA). ¥ %4373 #(Principal Component Analysis, PCA). A4 #7(Factor Analysis,
FA). E25#r(Cluster Analysis, CA)Z:[%4E 7570, PMF Al UNMIX 0 773k, LA R 00 - £t
£& 1[5 (Principal Component Analysis-Multiple Linear Regression, PCA-MLR). 44X} ¥ p 7404 - 254k
4 [5] 9 (Absolute Principal Component Analysis-Multiple Linear Regression, APCA-MLR)Z:4H & /715 [27]
[28] [29]. ZFKT7 kAT L IErh KR E R ALK RN L3R EH B BT 02K, SRJE A Se 530 A0 H
Wrg— K LI E SR AR5 AR, A ARG IRICEC B AR IS Bl . R A & U7 BARRe s th R
T YURAERE AL TR, (R AE MR I R R A R AR A, I 5 iR iR S IR & 8 2 A )
HE RS

15 YIRS AR MR B i BV S YR S H IR E SR SR 2 MM /AL, & BRI 55 G
Pt LIRE GBI Y DTN, AR R AR T AR A R B R AL 2 S0k
A 25 0 B P I o Y5 YRR TR A3 1 5 52 AR R TS e B, ST B M LU AG 5% R AR TS YR DT
Bk, WITC R A VE. FAL R IR AT AS WTEE[26]. %05 EEBENS S B AT B ARy Gl th e A AL i JR 3 5T
R, H R AR S TS IR HEB A S AR e HARE I W22 e, ANEH TR ARG GRS, [FRE R
BN E RIS JR T SUEE, AR . S AR UL RCVE N R RS Yk B SRR BE R, o
I CHD H 78 B 4 (Kriging). 7 5 mr A4l (Sequential Gaussian Simulation, SGCS)45 4% [Al 41 5 =3k 5+
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HE SR AR, BRULHED 228 & K1 78 B 4> (Multivariate Factorial Kriging, MFK) 75t () £ R [
TR ATRAE, & PR IR % RS GLI[30] [31]

TR, R R 2 ) 2 AR Y5 YR 5 R 4 A TR 1) A R A B O FR S YL AT 1) E R
B 1 R IUAC T VE SR G 2 e Gt 7 iEAR S &, 58 VEBUE BT IS JeiR[32]-[37], bR A & 4t
[A] )45 7 (Multiple Linear Regression with Distance Model, MLRD)A1th ¥ A [1] I 45 % (Geographically
Weighted Regression, GWR) i& & f#ATI5 4 5 H 1R 5 & 8 & 2 2 [ 1 25 18] = 5 96 R [11] [25] [38]. {H 2
MLRD R A& LA 5545 B 1 )7 SRS 05 Je ok, 2% 7 AR RIS e vamk, & Gk @bk s e
T TTHk . GWR RES @ S il 5 LR E SR SR 2 MM MR EMERR, HEME RS
15 YR B RO R R I 2 eV A R R BAR  MLAR 22 ) 7 VETE 2 YRR & 2R 2R B b 3 5 T B B R AR
i, BTN R R T YR AT AT, G0 2% AFHE T (conditional inference tree, CIT) [39]. Cubist
FEAI[40]. BEMLERE $ TH# (Stochastic Gradient Boosting Tree, SGBT) [24]. FfiHL#&#k(Random Forest, RF)
[41]. {HRIXLEH AR5 ) B A RRAL B A R PR DG &R, HSRRARNT 23 () 22 Ak i e oumk. B FH I RF
FEANTE 2 HEIR A 2R B A5 A & R B A, 25iR SxT Qe Tk 10 Rk [42] [43].

R, G5 YR AT 51k SR AT 7510 A B A 25 S i~ ik, S REDCIC B A (1075 e 54 il
AT LSt DX Sl A R 67 B R FH ) 22 00 Ak G ik o R FH AR R Y5 S KB DA S v RN 52 Ak 2 ) 1) 2 ) oy B G
FAATIRMENT, CRONHII R RS . B H AR 2 A IC R ) B A FILEs 22 20k, T
AR Z AR GR MR LES LIRESR SR TR TR R, MU RN .

4. FHERE

HB PR B S RIS R AU A 1A AR AR P A (A] R OG R S R, e R E
Z IR AR AE MR A5 8] _E AR OGNS 7 B P [44] [45]0 BRUIESEIS RIR 7 X Ah, M 27 SIRORL R H Al 12 22
A2 ) e PR SR R AR TR e R s Gl A R R AR A A N B A &, K R R
Er AR A AR, S A R 0 2 ST M S T A R o AR R AV SR R AR, AT LR SR
T AR TTIR[24] [46] H AT, F2 B 23 )53 01 5% 2R B 2 SO AR 30 AN A 2 ) i B 2 S T 2 e 2 1)
MRSCE TR, 45 AR Ay sy 2UmT Lo s [ e JR A A L 22 T 25 7K R R RN 22 ) SRy A A =2 (tn % 2)

Table 2. Supervised learning models for spatial heterogeneous relationships

F* 2. FEFRMXAEEFE IR

FHBEE BTN

& 5E % e AL
EAZEMA
ey | EEER P S BB s AL
EL) | ST 4 H LT 3
ﬂ:u p=u} B \Ab
pm N % @ AL
o 7 A U SR R B2
bR E R Hist il L
o R A o e e
amzkr TR ML R Wik . KPS i
pam AHBIEE B R4 K *F
[] 7K~
e REEZSREE RS AR SR % RN
R ; (R AR
b (RSE: R pgey sy
- 2 ] GWR. GWRR. GWL x 59 o J%%E;HJ o
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25 () 4 JR A AR e IR 2 () 4 Jy 2R PR ASE Y % FL Ay R AR v il e v o 2 ) A0 7 Qs i ke e 28 —Fhy =K
TR b 2 R A B A ST B TR BN AR A R, AN SR AR & o B HE 2 e 4tk
B T SRR AL DL R B TS5 M A ik R ey e i 2y . P i T 25 M B I R ek R R iR
W6 $2 T (Gradient Boosting Decision Tree, GDBT). 37 #F[4 &H1(Support Vector Machine, SVM), %]
S5 He) A5 bR B (B R A R 22 ) PO o 50) 8 FH I I AR R 77 325, RS Id A Akt A 3 22 VR & R B AR i
HB7 b A [46]. AH I ARk B %3R5 e S AR B 5 P AR 5 2 [R] FR 42 JR) 0% 28 S i v A% (1 2 ) ik
i, ANRELE H PR AL bR A I Ath TR & i AR R TR S (AR G R . Hb GDBT 7RI T2 2] ik f v,
BRI G R AR p, EHBURREUR R R 2R, RTEARUR R HI T 15 5 E A,
U [RIREAS R A HE TR0 AR 5 5 )97 A4 8 2 ) 1) 2% [ J 8 D% R [47] o 58 — M U7 K B ek il e B 8 o ) S 40
JE NS R AL FR ) R K, 153148 [H] 9 A A (Spatial Expansion Method, SEM) [48]. %28 AL % b 25 T
A 5 e AR ] ) S RS T G R, AR AR AT 1P AR OC R R AR SRR T S v e AR A X,
177 HLK A AR A Db 20 4 R s 1), DR G AE S o i DA o

23 18] 2 7K PR B 38 4 = 2 1) 22 /KPR L 1) J PR /KT R AR R 3 25 (R KPR 7K P 10 J 1 - 2L 5
A B 53 X, FHEEE T AN R 25 (Rl KP4 43 X0 5 22 93 ks 2 1) St S 1 O 3R 00 il o 22 R R MO0 R I 2L [49]
[50], EEAFERENLRSAERL, BEHL R B . EATTRENE 2 R8T AR 2 2 () RUBE 22 57, A 22 /KT 7t I
PER R o (HIR I L TR BT Kk R 2 HKF AT E K N R R Z RS X, 1R RZE RS
6] 43 IX A B 3t e — AN 25 ) S 1k o RAR R I FE[51]. R TBUAL G, BT HARLEATEUX A i —Eoik
FUTBUX Z (M 250, v LAZ AT BUX R T 70 X . (BN T LR E &R T5 X fh B R 5 R AE
HBLG, MELE AT e RS )k RE R X BN, X877 Mk UL PR 4438 5 4 Jg 75 YLy e b e
W R 2 YRR G RBIRBAE §[52].

25 1) Jo S A TR Ao Al 2 1) S 0 8 R e () 22 4 S 1 2 1) A8 30T ek 2 A oy — 4 (B = ¢ ) b R 4 [ 4
W, T B TR SR H N A SR CYERERME” R A 1] R A OGP DG R AT 4 R A3 R 7T
PERZR, G0 UL (] AR 2 Kk A (Bayesian Spatially Varying Coefficient, BSVC) [53] [54]41 GWR ## 74
[48]. BSVC My H 2% [A] A1/ 5 28 BT 7= A5 1) 1 AH S P g 2 22 1] Ja3 30 A A MR 28 A DR, 3R A R 3 2 () )=
AL E TN AR B R A . (HRAZ T R T TR E & S e A, HE DL BE 2 4R
FARAIAL B . GWR J T~ Hb 1 7 [A) B B9 A% ek B 5 AU /s —3fevss, 85 A A2 () B e S Ry 3 e 1 A
B, HEAT MR A 8] S M O R AR NI [55] o AHA BR T T 78 ) SR 2R ) A SR FH A G R I e /S — 3, 4%
G IR R R AE AR R R R, 225 Nk 2 RN B, 0 R R e R, ™ S I A Y
R PE S0 EME[56]. A T 22k GWR LA R, Wheeler [57] [58]45& £ jo kIt =l A tE AL H
A, w7 I AnA 5] )5 (Geographically Weighted ridge Regression, GWRR) 5 A Lasso [1] 1
(Geographically Weighted Lasso, GWL). ‘EATREME— & FEFE Efg ik GWR HSLZe P in) @, (H/2 i TRH
LRMESE R AL, SIS SHOE G AR ALy 22, T HLE DAL R R A AR B, ARARAS AR BT Hh A R
3 S RIS YRR P B 2 YRR AR AR B, S Ah, A AR SRR R A A (X 45k A A Rk
R A MRS AL ) 7 N R X IR S R R T R &R, AU R K E TR TR, 1 GV 3 A [F)5
GUR B 5] DA 25 (10 20 1] A S R 228 T 3 K 19 1 i

B2, B RS IR S M O R B 2 ST AR AL, ERARTE A B 22 4k VR A5 S A AR RN 28 R) S R 1 K R T
&AL, HZIHE LRI AR P85 & B 25 (8] R AL S 2 Ko i, ¥ 4 )= B v Ok Rk
SN R IE B Y8 K RE e R 2% s )R S RO R A GG &, RIRT &5 & 2 T @ ML E I R ik 5 B
B, WsRZ4EiR AR EABIRE T, WA RE S K AR AR AT 5 L 50t DX 3 AS [R] 47 B AR 22 il 4 ¥ G BT ik 1)
BRI T A,
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5. &

AR AR R V5 YR 2 LM I I Rk, i GO IX AN [R] 7 B AR FH 498 5 < J A7 6 22 17 7 ot
PRV B otk o AR XA 3T s eV 5 L R o A8 e RS AR A A < e 5 DR 7 1 2 4R
ERUNE AR, JFFEEABERR SR M IREER S B AREA TR R S0 X8R H
TR RS PR A TCVE A U B — R FE AR, BRI, AR B R R B DA S R
ANBZ A 2 6] ) 22 (R Ok R BEAT IR, CON BT IR R 3 . DR SIS GLllions X S8AN [R] o7 B AR 11 22 5]
A5 G TR KRS AR AT, AT 45 S B A (8] R A NS 27K 0, K2R i RS R AR N RE G E TS S
T8 B S PR 2R 3 ) AR e RO R JR AR G R &R, [RIIN &5 5 2 T S5 AL B 7 O 58 R 0 e A Y, TR Y
PSRN IR TR, D3R B GBSO MR S 2 2R 2 BR 20 5% SO DR A AC FH 398 B <5 Jam i e XU B 28 48 Tt 42
PRI

EHEWH

oK B ARl 3 4 100 H (42271428)
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