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Fig.1 Schematic diagram of the location of the study area and sampling points

— 741 —



iy

ey

W

iy

ot

w5 http; // www. ykes. ac. cn 2020
1 FHERRRAER 2 BT TR D e s 5 2
Table 1 ~ Analysis methods of soil and rice samples and their control parameters of analysis quality
TR
i ST o I T B
As ﬁﬁggi g }_%?F?;% 1 100 98.9 N %Q;@gé%*ﬁ 20 100 100
cd ;gfﬁﬁiﬁﬁg 0.03 100 96.6 P j{ffiﬂgé ?Xg}f; 5 100 98.9
Cr ;lﬁ%?iﬁﬁ%fé??ﬁgﬁ -5 100 95.5 K,0 E H ‘%Ufiix R 0s 100 100
X A FO T (XRP) PO (XRE)
Cu Eéfﬁﬁi%ﬂf 1 100 100 Si0, *;jj ;‘i j‘ijg/;t z(jgff 0.1 100 100
Hg ﬁ;f{z (_C)fi?iig 0.5 100 98.9 AlL,0, gijﬁgzé?ﬁi 0.05 100 100
Ni ;gﬁﬁi&fﬂf 2 100 97.7 Corg 4AfLI# — itk 0.1 100 98.9
Ph Egiﬁiéﬁg 2 100 98.9 pH H ik 0.1 100 100
Zn RN 400 98.9
FEAAE i
As iﬁ?{;ﬁi; E%FZ‘)% 0.1 94.4 100 Hg ﬁzz (_ﬁiﬁi 0.5 100 100
cd Egﬁﬁfﬁﬂf 0.01 100 100 Ni Eiffﬁi%ﬁg 0.2 97.2 100
Cr ;éﬁﬁi%: ‘;Zf; 0.2 100 100 Ph ;giﬁi%ﬁg 0.5 100 100
s R e e e g e w

. pH JoH44;Si0, (AL, O5 \TFe, 05 \MgO ,Ca0 Na, 0 K, 0, Corg HAG Hi PR BN} % ; Hg JTCE S BN N ng/g, HATTEIN pe/go

2 HSHENESBE RSN =151)
Table 2 Statistics of heavy metal content in soil samples
(N=151)
VixiNE| As Cd Cr Cu Hg Ni Pb Zn
i 7.18 0.126 36.4 12.5 0.143 8.18 40 49.3
{5 4.36 0.011 31.4 11.21 0.012 7.79 34 .3 44.4
PRI 8.86 0.156 19.6 6.16 0.852 4.07 16.5 44.7
INE] 68.7 1.95 99.8 45.6 0.562 29 110 565
e/ IME 0.761 0.003 8.8 2.87 0.003 1.09 11.5 15.1
I"RE A 16.8 0.336 60.4 24.1 0.199 18.7 60.4 87.4
"4 B - 0.1 58 18 0.104 18 37.5 51
hE 4 C 11.2 0.097 53.9 20 0.04 23.4 23.6 67.7
pH<5.5" 30 0.3 250 50 0.5 60 80 200
5.5<pH<6.5" 30 0.4 250 50 0.5 70 100 200
pH<5.54 200 1.5 800 - 2.0 - 400 -
5.5<pH<6.54 150 2.0 850 - 2.5 - 500 -
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SEAS B ARG A T 7 S L. Z5 BRI IR IX
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Zn 7] BEAFTERR AR AR o
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(1) ASCEAFIE X AG K As Cd, Cr,Cu Hg Ni,
Pb Zn R O S(EME 2 ERRME £
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Cd.Pb 3 T PR A G O, Cd BB AR F AR XA 5, 18
B 17% ,Pb @FRREAR, Kk Cd B9F-34 5 &
0. 118pg/g, I KAE N 0.457 neg/ g, A 26 KR AE
it Cd &5 B AR (0. 2ug/g) L B 1 PR FE 2 B
Ah AR B O S AR T R . Pb 13 & i
0.078wg/g, B KIE N 0. 32pg/g, A 4 MEREAFENL Pb
(0. 2pg/g) Wb, HARHE S JE TR AR R
T

(2) BHEZRE(BCF) Y SR A L0 R & it
(LA, 3R LAIZ R BOR RO ) T 1T R 1
EHERES . FBEE R X AT IS
FEAXS Cu Zn SEI0R MY E R REOK T As S5 HA &
SIRITE ., BANE X T AR S RS
XFZn Cu & R E 0 THAME SR TR, AW
5% Zn Cu & £ REWE G, Zn 19FE % RE0GL 3
1.19,Cu B4 Z2%H 0.273, 81 Zn .Cu I H iR
MEREE S B Cd M E R REGE S T 1.4, UlHIot
FIX Cd # 5y I 86 B RK o R4 A SC 45
ok Cd BB IE O, 9 H Cd B A
BRW YR, 7€ L8 oA & | b2 55
PE IR Cd S S R

(3) 2 .3% 3 MR AT LIE th, L84
i As Cd Hg \Pb Zn 1 438 XU 0 6 8, HLROK
H1 As Cd \Pb ti B0 T MEFR IGO0 % 118 55
K A BB ARG DLIEAT T a5 % 5 A RHIE , 2250 F
T3 FER R AR 1 A A5 ) o7 1) 38 5 i B AF AR AR 1

R OU, (E AT 50 K B H B b (1 A2 X 1 1) - 1
SOEAFEAERBRR TR O o X 3T HR it 5 X A
KA OCR SR THICEHr (R 4) AT LA
HA Cd Cu Hg MR, R BL T L 5K
FE R T RRRBONE R, R TEEGE S EA
N2 B - e G 5 A 6 52 B e AL I
Jo 25 HA PR B0

3 FORFEME SR A RS (V =151)
Table 3 Statistics of heavy metal content in rice samples

(N=151)

e sl As Cd Cr Cu Hg Ni Pb 7Zn
PIffi(pe/g)  0.146 0.118 0.166 2.78 0.004 0.341 0.078 18.2
FrfE% (pg/g) 0.056 0.085 0.08 0.752 0.003 0.165 0.0432.22
KM (pg/g) 0.69 0.457 0.64 4.9 0.019 0.99 0.32 24.7

*Eﬁﬂi - 0.2 1.0 - 0.02 - 0.2 -
Frife * (pg/g)
Wb () - 26 0 - 0 _ 4

WHEAK 0.02 L4 0.018 0.273 0.0004 0.028 0.0061.19
Vs BREE B A IR R R A T KRR R R R )
(GB 2762—2017)

2.2 13 -RORARGICRITR M #E
KR L - KR ES
B WS R 52 3 2 Bl R 9, LT R B
pH B A HUE F 08 BB R 4 VE Rt R
(NP K) 25 DL b SR 005 e Rl I
HEFRHLEHR 250 B 5 - Rk RGP 4R i1k
I SFIERHE S L R A A R
T 43 B BT R B , 2 T B 4338 DA B AR b
GIEICRTGYSEE IR R L BEg
-k ARG TR TR R ELTE,
2.2.1 +HERESELE
T E SR SR SRR E SR & RIS R
W4, TEEREI A p <0.01 BEEEHET,
fEkH Cd(R=0.344 p <0.01)  Cu(R =0.250,
p <0.01) 25 55X 14 138570 2 35 5L TE AR G ; He
(R=-0.255,p <0.01) 350 7 19 + 30 2 2
BRGNS, X KW 14 Cd L Cu He & & B I
FHREkr Cd Cu Hg &, Jirp Cd . Cu fE7E 35 0F
I Hg fAE B A G, Cd HABKMAEY #
P, I HAE 3 BA B k2 e, 3iml cd
B AR IR RS 2 ROK I X AR e E
L SR A AE 2010 AETE fl LU ML X SE M 4 v A i
Cd SEEE AN 1 T0 2 & REFEAT 200 %) HE O BF 5T
o, RCd S i fE 58 - AE Y R G B AR 3 IE A
— 743 —



iT]
“

45

L
http; // www. ykes. ac. cn

i 2020 4

4 RPR SR AN SR S b R REPE TR S8 (V = 151)

Table 4  Correlation coefficient of heavy metal content and physical and chemical properties of rice and root soil samples (N =151)

=] FHRKFR As Cd Cr Cu Hg Ni Pb Zn
AR A 0.048 0.344 0.138 0.250 -0.255*  -0.178% -0.136 -0.012
e AR B 0.562 0 0.091 0.002 0.005 0.134 0.029 0.883
c e -0.308* -0.221* —-0.384* -0.421* -0.523*  -0.375* -0.099 -0.500*
o' [TE=C 0 0.006 0 0 0 0 0.228 0
" AH -0.016 0.051 -0.089  -0.134 -0.134 -0.161% 0.170%  -0.069
P B 0.845 0.531 0.278 0.1 0.1 0.048 0.037 0.398
. AHEAE 0.196% 0.325* 0.240* 0.224* 0.199% 0.242* 0.444* 0.633*
Si0,/Al, 0, »
BN 0.016 0 0.003 0.006 0.014 0.003 0 0
. AHICAE -0.316* -0.172% -0.454* -0.503* -0.582"  -0.405* 0.063 -0.509 "
R S .
WEE 0 0.035 0 0 0 0 0.443 0
o A -0.299* -0.123 -0.312*  -0.174% -0.332*  -0.304" -0.251" -0.392*
+ ek .
M 0 0.131 0 0.032 0 0 0.002 0
<0 JiiERs -0.07 -0.240* 0.039 0.063 0.135 0.021 -0.563* —0.345*
’ BEME 0.394 0.003 0.637 0.444 0.098 0.797 0 0

e BRI 7 EETE p <0. 01 ZKF CBUI) | 88 A OG s FRIE“ A” FE p <0. 05 7K OB ) b S5 340 5 s BR 388 & i oh , AR H (Corg 45) 19

MASRVER izt H 50 R B4R R BN

KKF o FrLAfii] 3% Cd St n] ISR OR Ty
i, T LI A AR Cd AR $ ) 3 LA
NAEK ) Cd 5ok g2 B, i £  Cd 75 3t
Cu fENHEYIAE KBGO R, 8 2RI 0 1 i
RS I, SRR TR Cu BT IF
o F—J5 M, As Cr Pb Zn ZERPK SRR L2
) TG i AR OG M, 3R W] 13 As (Cr Pb Zn JFASEH
P ER R A S b, PRI Dk 7 A
ARG, DIEES RS EARNEIZTRS
MIESRIZR G AR L3 8 Jm i A A 3K
P, B AR TRTE LI h i AR R (H
JE R AT AL A EE v R R R TR
oA, AT T e s, DIEAUSESR S &
FREMRSE Y S E AR A BLR g B
W], LR P NI Cr B0 LIRS P E (A
GBI G R Y I AR X =T
RE R, HAEY P p &5 5 L3 &
—MRICAHIC I FR o X AT RE ST X R SR K
i) Pb \Ni ,Cr A PR ZE R I A

MR XK SR R 2 ] Hg 2 8 2 A K,
Hop R A e 5 H T RIEAS S R H Al B A M 5
(T3 pH HHEAPLET . - N P K 585%) A X,
InpEE L3 S He 360, 138 h AYIRIR ER 25 5 25
S E LAY He LGRS N A 525 1 He HL AL
fi%, i 3P AY He BXET R ERIK
2.2.2 FHEEEER

TIEBALE R SRR TR T R R R AN
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(1) Bk Pb &, + 5 Corg 5 HoAt H 42 Jm 1 52 1 2%
TG, R 14 Corg XFER Pb SNy H 4 & F oK 22
B HAEBE N, AR, Ha)E 5 AL
JECEAT R R A 4 G e T 18 A AL <2 s B
AT B AT, BT 400 o - 48 <5 s T % 1Rl oK
TR AP R Ph AN E 4R TR AT A
EIE Tis& e 53 —Jr i, 17T Pb fE 3 15 3
PR, (o HXE M TR BIREOK Ap , DA LR
MERZUE Pb AE I - E RGP TR . A ESE
W, REAPUTTAT LE i 52 0 4 A PILAS
AN R TR 52 4k 5 /N> T A PR S
SRKARE A, SHINE SRR
Vi A PTG A 20 P A i LS i
FE 3 - AR ER . IF HonT L it — 24y
HUAE , 74 e LS AE RIS, 920 As | Cd \Hg \Ni 55
IR HEATEK A LE A5, DT I - 4 o J 5 e ) A
A AU , ioX e ot 3t A ATLTES ] A S T <5 Js a2 1
FE AT A T Y I LI AL

(2) 4 pH H5AFK Ni &4 8% 0AHE (R =
-0.161,p<0.05),5 Pb FEE R FIFEMHK(R =
-0.170,p <0.05) , F W] - SRR B XF -4 - Rk
HNi Pb dERSAT W& MiFR Ni \Pb S HABTE
&)@ T, SR R X AR T B R
AP R Bk = Ak 2B H £ 4 pH (i
ey, W R T JeR O RE Tt ey, S IR A - 4 pHL iR
FER T SRR PR T ) SR AT, DBl T REL Al i
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Table 5

Influencing factors and prediction equations of rice

heavy metals in the study area

log
o, log log log  log . log X
AR ) e ™ o) B
ALO,]
log[ #% As] -0.844 - - - -0.172 - - - 0.219
log[#5Cd] 0.897 0.5 - - - - - -0.363 0.421
log[ f& Cr] -0.779 - - - - - - -0.166 0.221
log[ %% Cu] -0.219 0.139 - 0.167 - - - - 0.35
log[ 5 Hg] 2.596 - -0.652 - - - - - 0.517
log[#Ni] 0.007 - - - -0.277-0.105 -  0.157 0.380
log[ #F Pb] -6.015 -  1.608 - ~-1.430 - - - 0.53%
log[ G As] =0. 172log[ Corg ] - 0. 844

]

log[ % Cd] =0.556log[ Cd] -0.363log[ K,0] +0.897

log[ % Cr] = -0. 166log[ K,0] -0.779

log[ & Cu] =0. 167log[ P] +0.139log[ +-] -0.219

log[ # Hg] = -0.652log[ N] +2.596

log[ # Ni] = =0.105[ pH] -0.277log[ Corg] +0. 157log[ K,0] -0.007
[

log[ %5 Pb] =1.608log[ N] —1.430log[ Corg ] -6.015

"« " FoR WEMKTF N p <0.05.

TG 0% KO Pl R H SRk TR &/ 5
TS R PR R AT S e AT DA L B 5 R
FHA R 3 5320 R AR AR P B 35 6 1 I 2 A
FASE, HA AR S R A 22 B 2 35 P i IR 7 i o
Fr o T3 AN, A UCHIE T T AL Y A O 2R B e v O

0. 517 XA/, Hor (i JEU PRl E « %‘é’ﬂé%’iﬁlﬁ/ﬁ
JEALZ 2 L 4 i 5 R E B, ik %
FIEGRILE KRR 1 mffl%%ﬂﬁ% W
E TRt = SR NS T \:%%}:Tc
AR RS PP 28 4 SR S R G L 5 25 A () it o 1) 7 O
HUREOK B Cd i 2 BRI 9 5 2 1E S0 s a4
A [7] — oA i R R KRR Y Cd 25 B, i o
BIfFEZE S . FTRLEX A Z 2B G 8, B 1
REALT T IR T R A R R KA

HE PR S TP R Z R, G0 R T 4SS R AT S Y
Wi 5 BT, T RESRTHAR B AU 8CR: , 2 AR

ARG AE o

W PATIR Z AL (32 6) AT LVE H, T A 15
RSP % 2% I 1E 35% LR, B /ME R As
(7.8% ), Fx K AH ] Ni(31.6% ), H As.Cd .Cr.Cu,
Pb WA SA7E 20% LA, T 300 SR 4 -, s oA P
B, T DMz b X A FEOR TR B0, 9 Hon] Ay
A AR H XA A 25 XU T A R T 4 2B A 3K
PR RSt 2%
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Table 6  Statistics of prediction model errors

TR A IR 2 5 As Cd Cr Cu Hg Ni Pb

RETEHE(%) 7.8 11.0 11.0 18.5 24.0 31.6 10.2
REPAIE(%) 6.73 4.48 6.8 19.2 17.6 19.0 6.16
PRER KA (% ) 22.52 43.03 32.05 53.31 58.06 77.62 34.96
RER/ME(%) 0.82 1.41 0.35 2.70 0.99 5.63 0.89

TR 22T AR H

cd
] 2.70
Ey
H 220 P S P
% . W &l_}'?‘} a ‘
£ 170 4 .
“.;;2
120 -'I 1 1 1
1.20 1.70 220 2.70
BRI A B X B
LIOF g
i
E 090F
i 070 g e
'ﬁ‘ﬂ ¢ ] :! r-"i" 3
= 050 ' X A
= :i HEWIMEE:
BE 030} >
0.10 L) \ . A \ \
010 030 050 070 090  1.10
RS A B 4
~0.60 [ py,
o
=/ 080}
ﬂb’(‘
i
%E -1.00 t P R
3 I
-1.20F e
W H !% ! :
SldopsT . . .
-1.40 -1.20 -1.00 -0.80 -0.60
FEK S Ar o 4

Pl2 Rk o S m g I S S s e be
Fig.2 Comparison between the measured and predicted values

of rice heavy metal stepwise regression
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HIGHLIGHTS

(1) The heavy metal contents in rice and root soil were determined and the pollution risk was analyzed.

(2) The factors affecting the migration of heavy metals in the soil —rice system were discussed, including the total
amount of heavy metals in the soil and the physical and chemical properties of the soil.

(3) The prediction model of the solid heavy metal content of rice seeds was established and verified, which

provided a basis for the future restoration of paddy field pollution and ecological risk assessment.

ABSTRACT

BACKGROUND:; The environmental quality of farmland soil is closely related to the safety of edible rice. Studies
have shown that under the influence of mining, transportation, and electronics industries, the Pearl River Delta has
accumulated a large number of environmental problems. Pollution such as cadmium, mercury and arsenic is
becoming more and more serious. The migration and transformation of heavy metals in the soil — rice system is
affected by the interaction of their total content, physical and chemical properties of the soil, organic matter, and
trace or major elements.

OBJECTIVES: To find out the factors influencing the migration of heavy metals in the soil — rice system in the
typical towns of Gaoming District, Foshan City, Guangdong Province, and to provide a basis for the prediction of

rice food safety.
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METHODS:; In the main farmland areas of Mingcheng Town and Genghe Town of Gaoming District, 151 groups of
rice and corresponding root soil samples were collected. Inductively coupled plasma — optical emission spectrometry
(ICP - OES) , atomic fluorescence spectrometry ( AFS) and other techniques were used to determine heavy metals
in the soil, nutrient element content, physical and chemical indicators of the soil, and heavy metal content in rice.
The characteristics of heavy metal content and its influencing factors were analyzed, and the quantitative prediction
model of heavy metal content in rice was established and verified.

RESULTS:: Results showed that the heavy metal content of the soil was lower than the average heavy metal content of
the soil in Guangdong Province obtained by the first national soil pollution survey, and was lower than the soil risk
control value in the national standard Soil Environment Quality Risk Control Standard for Soil Contamination of
Agricultural Land (GB 15618—2018) , resulting in a low soil pollution risk. Except for the slight excess of Cd and
Pb in rice, the content of other heavy metals was lower than the limit of food hygiene standards. Total heavy metals
and physical and chemical properties (soil pH, soil texture, soil organic matter content, soil N, P, K, etc. ) were
the key controlling factors for the migration of heavy metals in the soil —rice system. According to the 130 sets of
randomly selected data, the total amount of soil heavy metals and soil physical and chemical indicators were used as
independent variables to establish rice As, Cd, Cr, Cu, Hg, Ni, Pb content multiple regression equation. All
reached a significant correlation. After the verification of the remaining 21 sets of data, the median and average of the
average error of the prediction equation were 31% at the maximum and 7. 8% at the minimum. In general, the
prediction effect was good, and the model can be used to predict the heavy metal content of rice in the Gaoming
District and similar regions.

CONCLUSIONS: A large number of soil nutrient elements were introduced as the influencing factors when
exploring the influence of physical and chemical properties of the soil, and provided a reference for studying the
effect of nutrient elements on the migration of heavy metals in the soil to rice, and guidance for future scientific
fertilization. The influencing factors of the soil — rice system element migration obtained at the same time provide a
reference for carrying out heavy metal bioavailability research, paddy soil pollution remediation, and ecological risk
assessment in similar areas. This article briefly discusses methods to reduce the bioavailability of heavy metals in
the study area and measures to inhibit the migration of heavy metals and reduce the biological hazards of heavy
metals. It also provides ideas for exploring the relationship between the migration characteristics of heavy metals and

endemic and epidemic diseases.
KEY WORDS: Pearl River Delta; soil — rice system; physical and chemical properties of soil; heavy metals;

correlation analysis; multiple regression prediction; inductively coupled plasma — optical emission spectrometry ;

atomic fluorescence spectrometry
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