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Spatial variability and ecological health risk assessment of heavy metals in farmland soil-rice system in a

watershed of China

LI Zi-jie', MENG Yuan-si', ZHENG Meng-lei', WANG Hui-hui', CHEN Fu-rong’, HU Hong—xiang', MA You—hua"

(1.College of Resources and Environment, Anhui Agricultural University, Hefei 230036, China; 2. Geological Survey of Anhui Province,
Hefei 230001,China)

Abstract: To explore the heavy metal pollution in farmland soil-rice system, spatial variability and ecological health risks in a certain
watershed were performed. From September to November 2017, 938 rice grain samples and the corresponding paddy soil samples were
collected in a certain watershed, and these five heavy metal contents: Cd, Hg, As, Pb, and Cr were determined. Based on ArcGIS and SPSS,
the ecological health risk of different heavy metals in the soil and rice was evaluated. Watershed was the research area, thus, the
distribution, spatial variation, and ecological health risk of heavy metals in the soil-rice system in the research area were analyzed, and the
following results and conclusions were drawn : From the perspective of spatial variability and distribution of heavy metals in the soil and rice
grains in the study area, Cd, Hg, As, and Pb were moderately spatially autocorrelated, while Cr was weakly spatially correlated; the spatial

correlation of the five heavy metals in the rice grain was weak. Except for Cr, the contents of the five heavy metals in the cultivated soil of
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the watershed were all high, and there was an obvious large patch of pollution in the southern and central areas, which spreads gently

around. The risk of Cd and As in rice grains was high, mainly in the coastal area of a certain river basin. From the distribution heavy metal

pollution risks of the soil-rice in the study area, there were significant differences in heavy metal risks among the different regions. The soil

heavy metal risk index in the arable layer had a large span and was at a slight risk. The rice grain risk index had a small span, and there

was no obvious difference in the heavy metal risk of rice grain in the different regions. Eleven points belonged to the medium risk level,

while the rest belonged to the slight risk level.

Keywords : heavy metal; soil-rice system; GIS; geostatistical analysis; spatial variability
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Table 1 Detection limit of total heavy metal analysis method for

soil samples

ey W57 AR
Method detection limit/
Heavy metals Test methods 4
(mg-kg™)

cd BT (1CP-MS) 0.02

Hg B AL (AFS) 0.000 5

As S F IR (AFS) 0.2

Pb X DI EIE L (XRF) 2

Cr X BRI (XRF) 3
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Table 2 Detection limit of total heavy metal analysis method for

agricultural products

N A HY
ey W7 iR
Method detection limit/
Heavy metals Test methods o
(mg-kg™)
Cd B REL (1CP-MS) 0.001
Hg 8BRS L (1CP-MS) 0.000 5
As JRF 2L (AFS) 0.01
Pb S B RS L (1CP-MS) 0.005
Cr A B REL (1CP-MS) 0.005
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Table 4 Limit values of safety standards for heavy metals in rice

T 4> J& Heavy metals Cd Hg As Pb Cr

FREE{H Limit value/(mg-kg™) 02 002 02 02 1.0
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Table 3 CF,PLI and RI calculation methods

5% Index AN Expression ZH0 B Parameter description
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Table 5 Descriptive statistical analysis of different heavy metal content in topsoil of a watershed

NEZE - " = - IV=U RS R

WeR  FHE PR ppgs RME Rk ARRUER -
Heavy Average value/ anda Coefficient of ~ Min/ Max/ Limit value/(mg-kg™) Hmber o ve

metals  (me-ke) deviation/ variation/% (me-ke™) (me-ke) over—standard standard

8rxe (mg-kg™) grxe B8 pH<5.5 5.5<pH<6.5 6.5<pH<7.5 pH>7.5 points rate/%

Cd 0.28 0.39 137.14 0.04 2.70 0.3 0.4 0.6 0.8 126 13.43
Hg 0.08 0.08 97.30 0.02 0.53 0.5 0.5 0.6 1 14 1.49
As 9.74 6.47 66.40 1.54 50.50 30 30 25 20 21 2.24
Pb 33.99 19.17 56.40 14.90 118.10 80 100 140 240 33 3.52
Cr 65.61 19.44 29.63 13.40 134.00 250 250 300 350 0 0

xo EREKBEHNTESRESSHRESIT ST

Table 6 Descriptive statistical analysis of heavy metal content in rice grains of a watershed

HEJE A brifE 2 55 AL R/ME R R PR AR R A AR bR
Heavy Average value/  Standard deviation/  Coefficient of Min/ Max/ Limit value/ Number of over—  Over—standard
metals (mg-kg™") (mg-kg™") Variation/% (mg-kg')  (mg-kg") (mg-kg™") standard points rate/%

Cd 0.111 0.151 136.09 0.001 0.843 0.2 99 10.55

Hg 0.002 0.002 87.92 0.001 0.017 0.02 0 0

As 0.152 0.121 79.94 0.010 0.689 0.2 183 19.51

Ph 0.039 0.070 182.22 0.010 0.406 0.2 43 4.58

Cr 0.466 1.288 276.29 0.005 7.485 1 62 6.61
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Figure 1 Spatial distribution of five heavy metals in topsoil of a watershed
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Figure 2 Spatial distribution of five heavy metals in rice grains of a watershed
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Table 8 Best fitting model and parameters of five heavy metals in

topsoil of a watershed

e AR Bk Wil HaH AR It

Heavy . ) . Nugget Abutment Variation/ Block
Fit model ~ Stride/m .

metals value value m base ratio

Cd  BRWRE 47779 0.09 0.24
Hg 35407 281.03  0.13 0.17
As  JEBBIAL 306149 0.08 0.12
Pb  FEEBIE 49573 0.05 0.08
Cr 1RHUET 494321 262.64

382233 0.37
224825 0.74
2449193  0.64
3965.83 0.62
107.45 39545.68 2.44
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JLE AR/ BIE R T S FhoC &R 7S )
H AR SCE , W AT LUK B, Cd  Hg  As il Pb [ He i
FE#RTE 0.25~0.75 Z (1], Sy Hh &8 23 [i] [ ARG, F I L
Witk £ 3% Cd  Hg As F1 Pb 1825 0] 48 5 AL 32 25 ¥4 Pk
YRR 52, 1852 2 LA RS 3l A AR A B AL R 25 5%
M, Crigdest @Bk 0.75, 25 A EPER 55 . Ak,
TR MEGE T AT R T Cd s Y E L (H
728 Cd P HE A /)N, HAT v S B A 25 () AE DG
P BORE A 45 5 A T 22 B, B 1 498 Cd 15 YL iR B
SR T REIE AN AR

8P AR R T E AR A5 18] A A LS IE
2, 3 As F Cr R FRAH XT3, 4351 R 24 491.93
m F139 545.68 m; 115 Cd . Hg A1 Pb A 78 T2 U 45 /)N , 3
HHAIF ST X 38 30 20 B [X 52 N R Sl s
2.3.2 JKFEFFRLE 42 25 (A28 SRR

29 R KAFFERL Y 5 AN ER 4 Jm O i A F AR S R AR
PSRRI R 22 . AN (RIS RS 1 36 E 2 550 1
JK R kfRL o B 4x J8 Cd . Pb Al Cr 3% 4 FH BR A A

R EREHELESHESRARUSEETNSH

Table 7 Prediction parameters of different fitting models for five heavy metals in topsoil of a watershed

G

2 X IAIEZEL Cross validation parameters

Heavy *Fufji% PR 2E YA 2z BtV 1t 2e Bty Jy i 22 R AR R 22

metals Average error  Root mean square error  Standard mean error  Standard root mean square error ~ Mean standard error
Cd BRIAHA 0.001 4 0.2349 0.050 5 0.8379 0.2314
TR HAY 0.001 6 0.2334 0.0550 0.823 8 0.230 1
TR 0.002 5 02325 0.054 9 0.818 5 0.2330
Hg ER AT 0.000 5 0.063 1 0.0102 0.996 4 0.059 7
T H A 0.000 1 0.063 5 0.005 2 1.014 2 0.058 6
[ 5 0.001 1 0.062 7 0.018 8 0.965 2 0.061 6
As ER AR -0.040 5 52118 -0.001 8 1.0842 42389
B 8 -0.0230 5.109 3 0.006 2 1.080 1 4.1656
ie AT -0.085 5 52576 -0.017 4 1.103 3 42997
Ph BRI 0.660 3 117212 0.060 2 0.705 1 13.970 0
BRI R 0.6215 11.827 1 0.059 1 0.7120 13.8275
[ 0.706 4 11.6819 0.062 2 0.698 5 14.059 1
Cr BR AT Y -0.0429 16.068 9 -0.002 4 0.882 4 18.228 2
B¢ RL -0.017 4 15.931 4 -0.001 2 0.873 4 18.289 0
[ e -0.067 8 16.195 3 -0.003 6 0.892 0 18.156 3
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XF 2210 TR 2 A S EEAT 43 B TR, I oK
TR 8 4 )@ Cd \Hg . As . Pb I Cr (98 BE L2351
1.57.2.49.6.19.0.90 F13.27, 5 F 50 % iy He 5 L ¥ 78
0.75 DA b, UL BIK R AR o 5 o 4 1) 45 [l A e bk
PR o H KRR 3L FU AR EL KRR R R
5 P 4 JE O 2 Bk ¥ F - 398 R N oG 3 B
FLH R ik R 5 RN EE 4 Jm 7E 5 1 A (R AH 1
B A KR AR R . 2 10 AT 0, KRR R He

B 5 45 0 K R AELR &, Cd 7778 5 1 75 Y a5 07
As fEAE R BET5 Ye a5, Hg A Ph A7 AE S TS Yy A,
L Cr Ir 5 s AL 3@ F 5 e 9] . Cd Ml Hg JGE CF
(78 S R BUI KT 100% , S IBRAE T, Cr 78 5 R
/b

F10 EiRBKBHASHESEREMGEERERSH
Table 10 Best fitting model and parameters of five heavy metals

in rice grain of a watershed

2 L B4 542 L Hu
Il As (928 25K, 451 35 314.03 m il 27 557.62 %ﬁ)y% mapn K pﬁi{% — o ﬁu&t
m, ﬁﬁ Cd.Ph ﬂ] Cr E"J@ﬁ'ﬂ'ﬁﬁﬁﬁd\ , 53\5'9']5(7 1037.62. metals value value base ratio
3 965.83 m il 804.14 m ., 2 W13 3 7 7T 28 1925 1l [ 4 Cd Iijfm%ﬂ 111.84  1.93 123 1037.62 157
) - Hg il 422204 0.19 0.08 35314.03 249
RIEB N L3 SRR ROL AR YRR  Hg i As  TREOBOR 344470 031 0.05 2755762 6.19
As AERRELK, 23 18] 43 Aii b AR R H BORAE i 14 25 [ Pb  IREIBIE  36.48 1.09 122 396583  0.90
AHIEHE, T Cd P Al Cr A ZS R AH XS /0N, PRI 1T 7 25 (1] Cr FREEA 12400 184 056  804.14 327
I3 b 5B R G T FR AR /N
2.4 QM - KRS A SRR KR T R HETEBTTEH
2.4.1 #HE A A 7 XS TEH Table 11 Topsoil single pollution index
ES 1 O SIS Qe AR B S O TR g okt - C;rff}ﬂ.%ét&f
Wil 43 b Cd  Hg . As . Pb 1 Cr i CF 24k 3 6l 43 5] o Min Max  Averagevalue oot
M 0.059~8.983. 0.021~1.056, 0.051~2.020, 0.062~ cd 0.059 3.083 0705 1415
1.476. 0.054~0.536, F #4516 M K F /MK R K« Cd Hg 0.021 1.056 0.158 101.1
(0.705) . As (0.345) . Pb (0.343) . Cr (0.251) I Hg As 0.051 2.020 0.345 68.9
(0.158) . ¢ 18 CF 5M b i , 45 96 % 19 F 1 3K Pho 0062 1476 0343 3.1
B AL CAAPTERR B Y, HEARTE R H A F 05 e G 0% 0% l =
F9 ERBKBHASHMELEERRMEGEITNSEH
Table 9 Prediction parameters of different fitting models for five heavy metals in rice grains of a watershed
TR T L X IIESHL Cross validation parameters
Heavy 0 el TR M RRiRE PR RS T AR 3R R
metals Average error  Root mean square error  Standard mean error Standard root mean square error Mean standard error
Cd BRI 0.1599 0.2532 0.058 8 0.094 3 2.919 8
TR EA 0.176 7 0.2722 0.056 8 0.084 2 3.4057
[ B 0.1699 0.264 0 0.057 5 0.089 3 3.197 1
Hg  ERWI#EAE  -0.000 1 0.001 6 -0.128 6 1.800 0 0.000 8
FREEAL -0.000 1 0.001 6 -0.1213 1.744 8 0.000 9
AL -0.000 1 0.001 6 -0.1154 1.730 6 0.000 9
As BRIEHEAR -0.001 3 0.107 0 -0.008 9 0.9554 0.105 1
EHEAL -0.001 1 0.107 0 -0.008 0 0.9552 0.105 5
AL -0.001 5 0.107 1 -0.0107 0.963 2 0.104 1
Ph BRI Y 0.000 6 0.0549 0.033 0 0.596 9 0.084 2
RG] 0.000 3 0.0559 0.043 5 0.6475 0.079 1
[ 0.001 9 0.056 4 0.039 4 0.561 1 0.100 1
Cr BRI -0.0314 0.985 6 0.054 7 0.510 1 1.576 1
TRBBR -0.0458 1.022 1 0.059 9 0.5772 1.402 2
[ 0.221 4 1.109 5 0.082 1 0.194 0 5.6853
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B ICEAN RS e ORIRE sSB 7 L L 3R 12, Cd
TE 5 FhEE 48 (975 Ye i DUAH X 5 5, Cd A7 7E 34
AE Y AL, AR ITTR WAL . CdIETs el
A7 5 AT B Y 80.17% , 8ok R JBE A Hp FBE 5 e
i 4355 6.29% .7.57% F1 2.35% ; Hg F1 Pb ¥ A A7 1E
rh R RN R TS e a0, e He Jo i G s
97.34% , AT Y VR BE T G o7 b 4351 R 1.17% Fi
1.49% , Pb G5 Y s 5 b 93.92% , 58 1005 Y FEE
1555 FL RN 6.08% 5 As Joi5 Y R AHFN 52 B 15 Y
Y A He 2 R 95.29% . 2.35% F12.02% , I Ak As
WS G AU 44, 5 HEAS B 1% Cr fE ST EE 4
J& PG Yt R WY DX I R A S Cr BRI G
)8 F 5 e B .

Fovis 3 4 R UK PLIA T 0.12~1.12 2 4],
SEHIE A 029, MBIFFE X FIF A7 # 5 PLT Y ¥ EDR B
J&FII5 Y, A ALY PLITS YR Bk F L 1L 84
SR T R0E B, R AL 8 T I0i5 e .

AL GB 15618—2018 Ff At XU 07 VE(ELAE Ty 2
PR, JE5 T a3 1 4 8 1) T AR AR 3 KUK 4
B WAL EOR, FE 4 4 8 R LI A
8.72~314.29 Z 1] , UG 45 B0 B 40K, SR sl A
[Fi] DX 358 14) 4 Ja RS A7 A2 BH d 22 5% . WF9% X RLF-
BI{E S 33.13, kb TR, RU KEB T
314.29, F B H H55 A KU K o MBS - FERY RTR
B & A 3 A s AL 1k 3) 4 5 14 DR 2 1) L35 7 B
S, AT 194 sk 3] b A8 XU 231, 4 916 4
S R R R G o DT TE A 25 KUB: 36 B e 3

i I8 K RS KR R Cd  Hg . As . Pb il Cr i) CF 22 1k 78 [l
2 B A 0.003~4.215, 0.063~0.850, 0.050~3.445
0.050~2.030.0.005~7.485 , CF F-I{E A K E/INITLF A
As(0.759) . Cd (0.554) . Cr(0.466) .Pb(0.193) il Hg
(0.096) . 4% [8 CF 15 470 Gabr i, MOK A FEAL H 254
E4 B ICRIIWAETS , Cd  As I Cr Y 7FAE T 5 YL 5
7, Ph A7 78 H B 5 Y AL, H 47 76 52 B 15 Y i o
Cd.Pb Fl CrJGE CF 28 5 REII KT 100% , 1 Bl

s B
S FF o

mk 14 R, WK 240 E 4| Iu R A G
YL & FE B 0T, Cd L As 1 Cr AR AT HoAts P b
HEEJEICRIGYAEH ™R, Cd  As il Cr & 5 Y
JEE F R 3.41% . 2.88% F14.16% ., HAKKE ,
TLIBOK FEAF R S P EE 45 0 2 BT Y AR BT
R TG Y R 5 FL K, Cd  Hg  As (Pb il Cr JGT5
Yu S AL & 2 R 79.64% .99.25% . 62.36% .95.31%
M 91.04% ., KFEFERLH Hg 76 5 Fh 8 42 & h 5 Yo i
B2 5T IX 938 AN RAE s A FRANAT 74 FE S5 RI 2
s G, e 8 R JEs G 9

S IOK RE AR TR 4 ) o K PLIE 3 2 4
0.02~1.90 X [0] P, 2B A 0.23, AT X T Ff
PLIFFEFE R T % . IERASZKAR £ 19 PLI
TG Y R ANE |, 97% (1) s 08 T TCT5 Y ), A2 28 4~ a5,
fiE TR % .

13 EREKBITR S TS L5

Table 13 Rice grain single pollution index in a watershed

éli:l:%% P ?ﬂ@im%ﬁﬁi‘mgi%qj é’ﬁﬁlﬁl‘] Cd Hg . As .Pb H i) i %/J\{E i a9 Coefficient of
eavy metals Min Max Average value L
I Cr 7 R L 2R F M A28 A7 e T B o s i
2.4.2 7K$§*f*j§i%§@%mﬁﬁi¥m Hg 0:06; 0:850 0:096 87.;57
SR H A6 6 2 R (0 BP9 AR P S
R Hg o R 240, R 4@ s R AEAE BRI O Ph 0.050 2,030 0.193 182.22
e 13 Ry S UK R R SIS e PR B e 45 R Cr 0.005 7.485 0.466 276.28
R12 EREHELTER SHESBERTUSE RN S ST
Table 12 Statistics of single pollution level of five heavy metals in topsoil of a watershed
Cd Hg As Pb Cr
CF 7341 y
CF olasttontion | AH G 4K T TR it T Gl
Number Percentage/% Number Percentage/% Number Percentage/% Number Percentage/% Number Percentage/%
TG Y 752 80.17 913 97.34 893 95.20 881 93.92 938 100.00
L TeEEC 59 6.29 11 1.17 22 2.35 26 278 0 0
L SEEC 71 7.57 14 1.49 19 2.02 31 3.30 0 0
TS e 22 2.35 0 0 4 0.43 0 0 0 0
EHEREEC 34 3.62 0 0 0 0 0 0 0 0
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Table 14 Statistics of single pollution level of five heavy metals in rice grains of a watershed
s cd He As Ph Cr

N ik M ik

Number Percentage/%

CF classification

Number Percentage/% Number Percentage/%

g ke N Akl A%k Akt

Number Percentage/% Number Percentage/%

Jois Y 747 79.64 931 99.25
B g 92 9.81 7 0.75
R Y 59 6.29 0
ENEREHS 8 0.85 0
G 32 3.41 0

585 62.36 894 95.31 854 91.04
174 18.55 1 0.11 22 2.35
136 14.50 27 2.87 17 1.81
16 1.71 16 1.71 6 0.64
27 2.88 0 0 39 4.16

kA, UK R 4 TR R AR b TS L
3.34~175.65 Z 1], KUK Hi5 B0 B 4/, 39 FE 300 LA T,
2% B 35 PN A TR) DX 3 g KRR o B 4 S IR 22 5 AN
B . BF5E XK RS RIS YME R 29.96, J& T 521U
B, RS KA K 175.65, 7 HR 458 KU K OF- o MBS £
FER RIXE HBNE A 114 SR T 2 XU 201
HoAx 927 4 S4B F AR 25

3 g

W+ HE-KFEE 4R 15 Y 58 E R Har Ak
JUT 1T ) B BE IR B () f 2 — | IR 4 B 5 e RN
S AR AL T ELE Y AR R
IR AR IS R G A G N AR T U
B —IRKFEFF A T 4 S Vo ek IR AR I A OC R 3R
B A 1 4= 336K A b Cd  Hg A1 Ph e JEUAH ], 32 532 51
SR AAIE SR, DA Tl sSsk U5 = it F A Pl
NE A 2 A0 AT o 2 o FH = 4 b Cd R ZEORIE 2
_[22-23]

AHIRGE S B, B A B2 48 5 A 4R b
Cd.Hg . As Pb¥JHFR, Cr ANlEAR, Horp Cd B bR ™
R AE K FEATRL 1 B Hg SN LA bR , I rp Cr W AR
JUEE L bR LR 2 PR R R 1, N Sl
I MO R, TR B 3 Cd S A
[ 2 B 52 N 260 3l T4, Hih 29 56% >k B T4l
W5 Cd T B AR S BN SR AR o PR (4K
SN VIR BV 2 A Sl g <R iy
K5 RS AR R, KA FRL 25 54 s 1 & AR BR
T RPN R AR S A OGRS A
JE2S KRG i PR JE L) HE ek S As i R
HE R 075 K AT DT, T 4R A R R DU R
YEY P 4 R AR 17 O, 148 17 5 3 4 T A AP
g4 A BRI B H AR R, i85 HE— 2P0
W% .

1% WHART]

ATIFE KB Cd Ay bl B - v s e A= 285
JRUB: 25 2 d5e s (R JC 2R, Cd W9 sl A 1 4 338 1) PLIAN
RI B 52k 558 K, 4% HH 3 X6 Cd Al W% o A g A 5
TEIKFEAFRLH Hg F1 Cr 14 42 25 AU 458 180 , HH OB 9% 3
B, HE LT 4 AR TE b YRR B AR R L R AE
S P BE AR 3T RS 1 A - S v A IR, £ EL X
A= R R AR, DRI I LT 7 A S KU R AL

Shy o i 5 9 3 A 4 - K RS 4 R S Ye B IR
A SRR B 42, 3 0 DA AR R T K H B RO 2
WFE T AR, e A L3 KB R A E SR 15 Y
R IBCA S5CHE it 8 ) - R AL, AR EE 4w AR W
X AN ) - 38— 7K R 4 T U XU IXCR BBUAS TR] 1Y
IERYE =Ry

4 ZEig

(DNELESEE, H s 02 L Ep
Cd .Hg . As Fl Pb ¥ ) i e (H, X Cr RERTHLE(E . 7K
FEFFRLH Heg WA BT PR AEE , Cd . As . Pb Fil Cr 34 120
BRI, H Cr il As AR Ry ™,

(2) NTE 4 J& 25 (B 4 A A, e 3 F )2 1= 4
Cd . Hg Fll As 75 i 19 25 0] 23 A7 222 20 o el g 1) G 320 o o
MRAHE . K RERERE P Cd  Hg Al As & EEAERFSEIX Y
A SR H S L DX < P A M X <R b X, DL EE DX 3
p ke RN =S K YA R R B T S e

()G KEF , F ik M2 LR 4R
15 YL ARG AT 0.12~1.12 Z [] , 21 4 0.295 7K
R T 4 JE o0 R TS G 10 A 4 EOn T 0.02~1.90
Z I,

(4) VB TE A S XU &, #F )2 1 T 4 R 4
A S XU 48 B0 8.72~314.29, - Y11 33.13, K
ST B P A, A TR U o KRS R EE 4 R 45
B A2 2 XU 48 B AR X T8] Ry 3.34~175.65, AN [A] X Jif,
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