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Abstract: [ Objective ] The establishment of a spatial zoning system of soil pollution risk management indicates the concrete
implementation of “classification, division and phased soil environmental management” claimed in Soil Pollution Prevention and
Control Law. The high-resolution risk spatial mapping can undoubtedly provide scientific and effective decision-making guidance

not only for delineating prior areas for soil pollution risk management but also for facilitating the overall deployment of soil
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pollution prevention and control works at a large scale. [ Method ] This study first adopted positive matrix factorization (PMF)
model to identify emission sources and the corresponding contribution rate of Cr, Cu, As, Cd, Pb, Ni, Sb and Hg in an industrial
agglomeration area in Ningbo City, Zhejiang Province. Then, a spatial zoning technical system for risk management on soil heavy
metals pollution was developed based on the source-route-receptor relationship and mass balance theory. [ Result ] The results
showed that: (1) the spatial distribution of soil heavy metals presented a significant heterogeneity and five factors were primarily
determined as the emission sources of soil heavy metals including coal-fired power generation source(17.08%), other industrial
sources(17.94%), natural source(28.61%), agricultural source(26.07%), and traffic source(10.31%); (2) five risk levels were
clustered using the established spatial zoning technical system, including extremely high-, high-, medium-, low- and extremely
low-risk accounting for 8.64%, 17.28%, 18.27%, 22.92%, and 32.89% of the total area, respectively. [ Conclusion ] The

quantification of the regional risk stress levels can effectively map high-risk hotspots to apply prior measures for precise soil

pollution management.

Key words: Risk assessment; Spatial zoning; Heavy metals; Soil pollution; Source apportionment
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Table 1 Spatial zoning index system of soil pollution risk
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Table 2 Descriptive statistics of soil heavy metals concentration
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XT 8 FEE 43 Jm AT v HLAE 4 (E 43 B T YL a3 6] 43
TFRAE, S5 anE 3 s, PHILER 0 AR ARGk X 35
Cr FlI Ni MR EERAR; ARES . ZRAEHAY TolkE X Cu,
As. Cd W R, HAMKIS AR 55 P By
23 ) A8 AR, KA KB Ph & A, (Hb
04 J B P L X S Pb & i 5 AR L AR AL T
i pel X Sb e BER w, PUHR . PGS A B bl AE AE A
e R A s ARV He W s, Hith
DR B i AR H A i 8 3450 .

22 EBEERERBEH

22,1 JCEREMEHE MM RIS
HYYPRIENEEFRZ —, B EHLHITE
A RER IR T | —I5 Qe i . Wi X 14 8 Ff
HEE g Eil TR /RA (Pearson ) AHEMESHT,
g5 (E 4) EW, Cr-Cu(7=0.29 ). Cr-As(r=0.42),
Cr-Cd (7=0.34). Cr-Pb (=0.29), Cr-Ni ( r=0.53),
Cu-Cd ( 7=0.69 ), Cu-Cd (=0.28 ). As-Cd ( =0.27 ).
As-Pb (7=0.58 ), Cd-Pb (r=0.26 ), Cd-Ni (r=0.29)
Fi1 Cd-Sb (1=0.41) JLEZ[HFE P<0.01 /K g 3
X, JoHE Cu 5 Cd, Pb 5 As. Cr 5 Ni #HXGE
ek, kA TFR—TG R ETREMER R Cr. Cd 5H
fhZFhoC EAFAE W EM O, Bt Cr. Cd 554k
R Z 0k, MEATEY; M Hg 5HAL 7 F
HEERAME, REREARN .

2.2.2 KT PMF &80 J5 i My FIF EPA PMF
5.0 ARG RIFFE DX A 3ERE b i 8 T B 4 E A T

PR AT, MRIEHELAFTEE R, MW HBLE ISR
(Qrobust. Qture), AW »» LIKFEARTEZE, Wi
BAEHTFHL & BRlE TR, RMYETFECR S
W, BCAT AR AR LA B 7 LA EEAR, As. Cd.
Pb. Hg WA # ¥R EI T 95% 44, HAWTF
BT HAER, 5%, LR RIRY A U5 A A 45 2R
WA, BENS LA R RERE S SCAE M. th& 3 WL
LT R BT R N He, TTHEFEN 85.03%:;
T 2 B EERMICE N As Al Sb, TTHRRIT N
55.14%. 36.53%; HF 3 B EEEMICE N Pb, 51
BRR A 66.17%; NT 4 W EEHMICE Cr, Cu,
Ni, TTHRRIIHIN 66.91% ., 43.42% . 68.96%; [HT
5 MEEHRMICERE Cu. Cd. Sb, TERFEHIN
38.73%. 75.69%. 43.34%.

R 1 2 on &R A He, TTHREEN 85.03%,
S HAL 7 FhE AR 10%AE 4 HTTHRR . Streets
P EIRE I, TEP ETA RHECT, 2 38% K
HBE AR, 45%K HA A mia e, 17%k H HAlb
505 Sun ZEPSURAE R E by B E Tl - HeRe
i, @I PMF JE AT o0 5 Wf Hg 19 325 71
FREBARBE, BIUBRIE R BRI T k)
RIE Heg & 40004, He 3850 76 R 0 1
X, XA 4 ALURES Bk k)T, H He
BT mEASITER, AR X Hg 23
AR K B3 A YR T BRI e ) K ki o 255 b ik
P 1RSI0k kg ke r R AR

http://pedologica.issas.ac.cn



¥R 61 &

Cr/(mg-kg™) Cu/(mg-kg™)
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Fig. 3 Spatial distribution characteristic of soil heavy metals in the study area
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Sb| 0.17 0.28 0.19 0.41 0.21 0.22 Sb X e
-0.8
Hg | 0.16 0.17 -0.026 0.3  0.0055 0.16  0.057 Hg
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As| 042 0073 As . X X X 0.4
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cd| 034 0.69 0.27 cd X
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Pb| 029 0070 058 0.26 Pb X X X "~
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Fig. 4 Correlation coefficient (a. P<0.05, b. P<0.01 ) between heavy metals

2 B FEHATICE N As, Sb, Pb, TTmLRE
O33R 55.14% . 36.53%F1 33.83%. i B4R
Hu 2P JR AR AT A s 25 R, 30 As FER
JEF TR, X FEZARE Tolk Az 7= o #2  f R RHE
Be . ENYLBEAKHENL . AR IS B R BRI R . As
Sb ELAT M M AN Z BB TR R (s%p?), FEHIERTL
SRS ML REL, WP, Ak, Sb
— B R A AT B P, (B Tl Ay
JUZ R, BB . SR . AR

Rt . &4, BURPRMEILSE, Xt AR T
Sb FEMSE AR . WFY XA 2 i 40m T
7L eRFEm T, ) AU %, A As.,
Sb. Pb MM FAEHEUE . 2 Lk, K+ 2 1518 T
N3l

K 3 B FEEZATICER N Pb, TR 66.17%.
WA 48 Mgt &3, Po & 1i)E T
FEARS, 2 N NIE SRR K . Zhou S LI S

[|] )3 T, X
A SO IFTE IR, 45 A I A S 5

http://pedologica.issas.ac.cn



1332 + b1

=

61 %

#z3 ETPMFEEWERSTME

Table 3 PMF-based factor contributions of heavy metals/%

TR BT HW¥r2 HWF3 AT 4 AT 5
Element Factor1 Factor2 Factor3  Factor 4 Factor5
Cr 10.04 5.90 1.27 66.91 15.89
Cu 15.29 0.00 2.56 43.42 38.73
As 2.40 55.14 1.99 22.35 18.12
Cd 7.90 8.04 8.37 0.00 75.69
Pb 0.00 33.83 66.17 0.00 0.00
Ni 10.24 4.07 0.00 68.96 16.73
Sb 5.72 36.53 1.26 13.15 43.34
Hg 85.03 0.00 0.83 14.09 0.05

RGN 3 E S SR TE R, R B i HE
X Pb # 5Tk E ik 70%45 475 Chen 2558 A
H, RESHERIMC SN A28k, (Hl T Pb M+
W ane I dEw R, TR ALEETI8S, It Pb
AITE R AE AR, HIR R4 AL G B £ HETL
SR AFAE, Al R UURE— S A R 4
gi LAk, B 3 PR3 A HE R

Kl 4 1) FZHATICE A Cr. Niy Cu, TTEAFE
S35 66.91% ., 68.96% . 43.42%. BkHHZEE3IF AR
KA3AT . PMF YR AT vk XS] g 48 5 IR T B e 2 B 4
JEAT T RN, 153 Cr. Ni 76 ok #2115
BT A, KR AT R A SRR )R
FIH Po [N R E . F 50 Al PMF 5B 7

SRAE X -3 rh 5 4 JE R IR T, AR 3 T+
el ar Cr. NiJ2ASRIEMZE R, M Cr. Ni (&
R RN 2 (A 0 A5 AT AR, AR 4 A0 728 S5 R0
AN, AREENIAT . SR TR, F 4 5k A SRR
K 5 I EZHEMAICERE N Cu, Cd. Sb, TIHLF
I39R 38.73%. 75.69%. 43.34%. Ml 2 AILIEH,
Cd 7E TV el X #fHh | o B b v o iFT e
RERL. 2GR As, Cd, Pb, Cu fl Zn SFH 4>
JE& ] RO TR AR, REALERE g
428 . ABAEEAIXT Cd. Cu 783 b i) B &R Y
TRRDTO, Hu RPN T 4
K F Pb [RIZF PMF 45 &80k, KBRS 1
b Cd . Cu. As I BTRRERIL K, 73 911°H 45.1%.31.4% .
24.5%. ¢ LTk, BT 5 IR B .
2.3 SR ATEEITME
2.3.1 U5 gk A AR AT 5T IX S S 508
Padk (NW). B (S). &Ar (SE) Ffidt (N) Hix
X FEFRE, FAKX (7) A (8) fhF T ik
DTl 5T ey A SR, & KU T R (Py)
fF 0.030~0.088, Lt S KU A4 B R K.
R 3 A P L - 375 R s (v A R AR R )
HRLAE AN TRV Tl g5 K5 e sg i e A%, i 451 KL
] (4 HR BN B 73 A AS Ry ) 175 el 42
Jtil it ArcGIS 10.5 H g IEES b T B 364700 14k .
e 4 fE Sa iR, 73 Rk 7 #aml k2,
KAVIETS Y 0.5~5.0km, DA% T MK N

x4 FERITIEERXSRBEZEER

Table 4 The classification of different industries and corresponding pollution radius buffer

FEATA I

Major industry types

Al B KAV

Number of factories Atmospheric deposition scope /km

254011 Textile

K FTIRIGE S B Coal-fired power plants

1IN T. Petroleum refining

AT ISR FIAL T 7 i 14 ) 32

Chemical raw materials and chemical product manufacturing
A 4 SR R I N Tl

Non-ferrous metal smelting and rolling processing

FL SRR AN 28 A 1l 3 Al

Electrical machinery and equipment manufacturing

A AR IA E

Ecological protection and environmental governance

11 0.5~2.5
5 0.5~5
4 0.7~3
28 0.5~2.5
2 1.0~5.0
18 0.5~2.0
5 1.0~5.0
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a)d il Z FDiffusion coefficient .,ﬁ_ .

b)#F LR Area of cultivated Jand$a._ i

0.000 ~ 0.002 & 0.000 ~0.211
0,002 ~ 0.043 0.2 4 T 0 2 4 8
I 0.043 ~ 1.000 — 4 ~1. ——

¢)ifi K ¥ Road length

0.000 ~ 0.160
0.160 ~ 0.466
I 0.466 ~ 1.000

K5 fEREA R (oo TP b RAVIR; o S )

Fig. 5 Spatial distribution of emission intensity ( a. Industrial source; b. Agricultural source; c. Transportation source )

sy, PEBERBIEG RN 8 A XU B I
P S ESUR TS 38

WKl 5b s, FHBE T RRLERAE AR 575 et A
SR, ST X R 32 A A TR A, A T AR
BN 93.49 km?, F5A4> A B T AR AR S 9
7 0~1km*, F#EH 031 km®, WE Sc iR, M
TH A B SR A8 P55 Yy A5 IE, s G 1 far
FEENTEP TR, o340 A % R ) e
o I EEEES, B PR R E S
ARSI R 0.0109~14.96 km, F-H{EH 4.413 km.
2.3.2 V5 YLt iR FE T 5T DX I 2 7K E i
( https://data.cma.cn ) . Hi & £ 45 ( http://www.
gscloud.cn/ ). TIEFT A ( SEIUEHE ). b Al
2k ( China Land Cover Dataset ) Fl14H #% 7 5
( https://www.resdc.cn ) ZE8(¥E , | RUSLE ##!43
SR REN ERME T (R), WEHKETF (LS).
TR MR (K, Ha S5EHEF (C) K

TRFHE T (P), BHLEGHRMOKTE . 250K
B, EHR MR L E R 0~8.327 thma ™,
SERAE Jy 1.188 tthm 2", 1 PG AU AR Hb 1] 45 Fig 915 1 186
e MY (6) 115 8 FhE L @5 PR liR, H
ESEE 1R (o) BUES % TIERR IR K F A Y
B Al DI 5 BT, gk s R, AR E 4
J& B R AN A, Sb P24 R R e =5 ( 0.568 1),
1M Ni B-F- 24405 2k e Ak (10.083 7).

FE T XU Finay b AR 25 A A3 RS
A (1) TR IX L3 8 FhE &8 175 e i
fiHE %L (PLL, ) AN5YREE (IRC,, ), FIH A KK
ST QLIRS B o AR L . L IORTRAR
AN, Fon RIS YIRS B A A& 6 i, 4
JZR], Cr B Ni f9 IRC 22 30 H A [R] 4 23 [E) 43 4E
e A% e T G AU X F2 2 A e rh AR AP AR I, S
) B 7 X 3R T AR G 27.57% (10.388<IRC<0.662 )
il 35.88% ( 0.252<IRC<0.585 ), Cu. Cd FI Sb A/
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Table 5 The parameter values to calculate the loss rate of heavy metals
Jt# Element al% B/ (thm?*a™t) p/ (gem?) Dep/cm k;
Cr 3.20 0~8.327 1.171 20 0~0.035 4
Cu 3.90 0~8.327 1.171 20 0~0.042 4
As 1.70 0~8.327 1.171 20 0~0.020 5
Cd 7.30 0~8.327 1.171 20 0~0.076 3
Pb 5.60 0~8.327 1.171 20 0~0.059 4
Ni 1.65 0~8.327 1.171 20 0~0.020 0
Sb 11.20 0~8.327 1.171 20 0~0.1152
Hg 3.85 0~8.327 1.171 20 0~0.0419

e a WESFKERZR; B R HEEMGEG p HHWAEE; Dep N HERZEE; L AESEPIJZE, Note: o represents the

dissolution rate of heavy metals in soil-water solution; B represents soil erosion volume; p represents soil bulk density; Dep represents the

thickness of topsoil;  k;represents the loss rate of heavy metals.

e 55 T Y KU DX B o7 T s LA R P b A9 Toll X
Ab, FEH IR RS ARE X R F RO SR, a0
MUETFHAY 40.2% (0.304<IRC<0.632 ). 40.2%( 0.380<
IRC<0.680 ) F1 34.88% ( 0.318<IRC<0.661), 5 3
AIT5 YL B X AH L, Cu. Cd FI Sb AY i /A% 5 75 e X
B DXL ATl Bl DX 5 21 7 B b X8, X AT R
Tt FH AR IE R RSO 3 Bl 1 Rt S 4 ) 1)
TR . B, As B Hg B4 5 /0 75 Gk XU
X3 ) 4 v G T R 2R S I X I, o R AR
) 21.26% ( 0.269<IRC<0.583 ) Fl 10.63% ( 0.154<
IRC<0.500 ), X A] B2 B A6 A i T4 A6 T
b FNAR R R AR R T T B R TR AL R
JB W o P 1 e /AR e 15 G XU, [X 32 B4 v T v g S
X, JEREEME, S 11.63% (0.171<IRC<
0.514 ), WEAETS Y XU K15 288 15 2o B i 2 AH G
2.3.3 AU A [H] 4 A REAE FIAZ (9) A5G
5 B (IRC,, )RRV 32 (AR a5 1 ( VL), MR350 (10)
SR S IO A —AC R TR T X R R S
YU RS 32 R RE 55 B, e R B T AR A
HE R AN X APHEX . &5, R H RSk
Wi 5 W R 5 (IRC) R R 5 A%, 2l
53 B 23 XU M P PR30 5 X A 48 T 4w i g XU
2 [E ARG, WK 7 s, BAREHE: (1) K
KU X : IRC A 0~0.019, (& X380 G T ALY 32.89%
(2) RABEIX: IRC  0.019~0.045, X I8 B i
Y 22.92%; (3) XX : IRC 24 0.045~0.070,
b7 KU ALY 18.27%; (4) EERIX . IRC A

0.070~0.094, K IXELETHARA 17.28%; (5) W&
AKX : IRC A 0.094~0.126, & X 48 & i AL AY
8.64%. LI H, WFFT X I 4 49 5 4 g V5 e KURS: &2
PR e B s ) S e, AR AR XU DX 32 A T P AL AR A
X, ZXEUEEEMANKRIEX, 2 ARKIGEs%
WA /IN ;DA SEOR AP Ay - S PR A8 B 32 ]
e RS ARG o IXURG: DX 2 Tl Al oA . AN 3 R
FE AR N AZ I Bl B A [F s, R T rh
FRLAR . DAVERIAR T U, d R o KU AR S
FEIX, PSR B A TS Y B Va4 it s PR XURS: A e XL
6 DX ] 3 3 S T R b SRR W, sy s Y
TUEZHLE, DA e S i TAEAA .
24 RBES5FHRME

A GE B XU 52 4 5 75 e Y5 5 B A 2 174 XL
X EARER, EHT G- X -8 24
FUBE b 35 G KBS ARG HER I, AR R T 585
W25 [ B AS A3 A, AL RE B WA (] 4 B I %) Sl A T i
AR X RFE PR B9 5 RIR R — o BT Tk
AR N I Y (N LN S i 70 € G 1 = R X
e PR B - R S )L S ) A B E AR 4
XA [F R 4 4 A 1 0 3E A7 5 G 4 s i 1Y 23 ) 4
Be ) S5, FBOXH AN RAFAAE—E AT E
P, WAES R B TR LA kit , fudhan
far Rk B BTG P R R (AR I 9 AR T it
RS bR, TR % KR S AL HE R ).
Wy Ak FARIRFE A (MRS S e ). Wl iR BLEY
WSCR b X6 T Gt ) DT RR A
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Fig. 6 IRC-based spatial distribution of pollution intensity of heavy metals in the study area
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Fig. 7 Spatial zoning of soil heavy metals risk in the study area
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