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Abstract Heavy metal contamination in polished rice
grains collected from Hunan Province, Southern China, has
been investigated in this study. The concentrations of Cd,
Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn in rice were determined
by microwave-assisted digestion and inductively coupled
plasma-mass spectrometry method. In order to evaluate the
correlations among heavy metals, statistical analyses
including Pearson’s correlation analysis, principal compo-
nent analysis and hierarchical cluster analysis were per-
formed. Three distinct clusters were classified by the
hierarchical cluster analysis approach. In the principal
component analysis, three principle components were
extracted with the eigenvalue >1.0. The spatial distribution
of heavy metals was predicted by the ordinary kriging
interpolation. Cu and Ni with similar distribution patterns
could be primarily originated from geogenic source. The
hot-spot areas in the distribution patterns of Mn, Pb and Zn
could be mainly related to mining and smelting activities.
Cd and Co might be derived from the combination of
natural existence and anthropogenic sources. The chronic

Editorial responsibility: Q. Aguilar-Virgen, Ph.D.

Electronic supplementary material The online version of this
article (doi:10.1007/s13762-017-1504-y) contains supplementary
material, which is available to authorized users.

X L. Wang
linwang @csu.edu.cn

College of Chemistry and Chemical Engineering, Central
South University, Changsha 410083, China

Hunan Provincial Key Laboratory of Efficient and Clean
Utilization of Manganese Resources, Central South
University, Changsha 410083, China

Center for Environment and Water Resources, Central South
University, Changsha 410083, China

non-carcinogenic effect on local rice consumers from
exposure to heavy metals was estimated by the target
hazard quotient. The average target hazard quotient values
of Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn were 1.754,
0.367, 0.003, 0.544, 0.165, 0.775, 0.228, 0.049 and 0.481,
respectively. The target hazard quotient value of Cd
exceeded the threshold value suggesting high potential
health risk to residents in Hunan Province through rice
consumption.

Keywords Heavy metal - Rice - Principal component
analysis - Geostatistical analysis - Target hazard quotient

Introduction

Heavy metals have attracted considerable attentions in last
decades due to their persistent nature and biotoxicity.
These pollutants are originated from two sources: natural
existence and anthropogenic pollution; the latter one was
considered to be the main source accounting for heavy
metals in environment (Jia et al. 2017; Karbassi et al. 2014,
Ma et al. 2016a; Nasrabadi et al. 2011; Roudposhti et al.
2016). With rapid urbanization and industrialization, the
agricultural soils in China have been severely polluted by
human activities, such as fuel combustion, mining and
smelting processes, waste water irrigation, sewage sludge
application, fertilizer usage and solid waste disposal (Fu
et al. 2008; Li et al. 2014, 2016; Lu et al. 2012, Wu and
Sun 2016). There are several pathways of human exposure
to heavy metals in agricultural soil, such as dust inhalation,
dermal adsorption, inadvertent soil ingestion and food
crops consumption (USEPA 1989). Among them, dietary
ingestion of contaminated food was identified to be the
most significant pathway (Fu et al. 2008; Liu et al. 2013).
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The health risk of heavy metals to human being is not
only dependent on the concentration of a particular toxic
element, but also relied on the ingestion rate of contami-
nated food. Long-term exposure to low-level heavy metals
might result in malfunction of organs and chronic syn-
dromes due to their long biological half-life (around
15-30 years) and accumulation in human body (Robson
et al. 2014). The target hazard quotient (THQ) developed
by USEPA (USEPA 1989) is introduced to evaluate
chronic non-carcinogenic effect on food consumers. The
THQ is defined as a ratio between the estimated intake dose
of an investigated contaminant and the reference does
(Zheng et al. 2007). As recommended by USEPA, there
would be a health risk to local rice consumers if the THQ
value is equal or greater than 1.

Paddy rice (Oryza sativa L.) as the staple food of two-
thirds of China’s population is considered to be more
efficient in accumulating heavy metals than other terres-
trial-based foods (Carey et al. 2010). This is due to the
cultivated mode of rice plant which increases the
bioavailability and mobility of heavy metals in the flooded
soils (Williams et al. 2007). Heavy metal accumulations in
rice grains have been detected when the rice was cultivated
in paddy soils contaminated by heavy metals, such as Cd
and Pb (Norton et al. 2014; Wang et al. 2016). The con-
centrations of Cd and Pb were found up to 0.961 and
0.676 mg/kg, respectively, several times higher than the
Chinese maximum contaminant levels (CMCLs) of Cd
(0.2 mg/kg) and Pb (0.2 mg/kg) in paddy rice (China Food
Standard Agency 2012). Consumption of rice and its pro-
duct in China, especially in Southern China, is regarded as
the main route of the people exposure to heavy metals.
Therefore, it is important to ensure rice safety for
inhabitants.

Hunan Province, located in Southern China, is one of the
largest rice production base in China. Moreover, this pro-
vince was considered to be the nonferrous center for
mining and smelting in Southern China. The agricultural
soils in Hunan Province were reported to be remarkably
polluted by heavy metals due to long-time mining and
smelting activities (Liu et al. 2005; Ma et al. 2015). Heavy
metal contents in rice grains from Hunan Province, China,
have been investigated in this study. Primarily, the con-
centrations of Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn in the
collected rice samples were determined. Secondly, the
inter-element relationship and spatial variability of heavy
metals in the rice samples were characterized by statistical
and geostatistical methods. Furthermore, the non-carcino-
genic health risk to local rice consumers from heavy metal
exposure was estimated. The research was carried out at
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Central South University, China, from July 2015 to April
2016.

Materials and methods
Sample collection and preparation

Polished rice grains were collected from 46 sampling sites
throughout Hunan Province during July to November,
2015. The detailed sampling information is illustrated in
Table S1 and Fig. 1. In each sampling site, 3—5 subsamples
were harvested from separated small paddy fields and then
mixed thoroughly into one sample. After sent to the labo-
ratory, the rice samples were dried in an oven at 50 °C for
24 h. Then the dried samples were ground thoroughly and
passed through a 0.15-mm sieve to obtain homogeneous
powders. Before digestion, all the powders were sealed into
polyethylene bags and stored in a desiccator.

Heavy metal analysis

The powdered rice sample (0.500 g) was precisely weighed
into a polytetrafluoroethylene (PTFE) digestion vessel and
was immersed by a mixture of 10 mL of concentrated nitric
acid (HNOj;, 70%wt, >99.999% metal basis, Aladdin
Reagent Co. Ltd, China) and 2 mL of hydrogen peroxide
(H,0,, 30%wt, guaranteed reagent grade, Aladdin Reagent
Co. Ltd, China). A microwave-assisted digestion system
(MDS-6G, Sineo Microwave Chemistry Technology Co.
Ltd, Shanghai, China) was introduced for sample digestion
according to the following program (Ma et al. 2016b):
10 min to 120 °C, 10 min to 190 °C and 30 min at 190 °C.
The cooled digested solution was diluted into 25 mL with
deionized water (18.2 MQ cm, Direct-Q 3, Millipore SAS,
France) and kept at 4 °C before analysis within 48 h. For
each batch of sample preparation, a method blank was
performed throughout the whole pretreatment process. The
concentrations of Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn
were determined by inductively coupled plasma-mass
spectrometry (ICP-MS, Agilent 7700x, Tokyo, Japan). Due
to the interference of carbon (e.g., 40Ar12C*) with °Cr on
m/z 52, a collision/reaction cell was introduced to minimize
the influence (Sun et al. 2015). The method detection limits
(MDLs) were 0.3, 0.5, 7, 3, 17, 3,2, 1 and 80 pg/kg for Cd,
Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn, respectively. Certified
reference material (CRM) GBW-10045 rice flour (CRM/
RM Information Center, Beijing, China) was employed to
verify the digestion efficiency. The recoveries of all the
investigated heavy metals were in the range of 88—110%.
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Fig. 1 Sampling sites of rice grains in Hunan Province, Southern China

Statistical and geostatistical analysis

Statistical analyses including Pearson’s correlation analy-
sis, principal component analysis (PCA) and hierarchical
cluster analysis (HCA) were chosen to investigate inter-
element relationships and possible origins of heavy metals
in the rice grains. The association strength between two

1
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sets of heavy metal concentrations was measured by the
Pearson’s correlation coefficient. PCA was employed to
reduce the dimension of variables and extract a fewer
number of principle components (PCs) according to the
eigenvalue >1.0 (Lee et al. 2006). The rotation method
applied in this study was Varimax with Kaiser Normal-
ization. The purpose of HCA was to categorize heavy
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metals into different clusters using Ward’s methods. The
distance between two clusters was measured by squared
Euclidean. The statistical analysis was performed using
SPSS software for windows (v.13.0, IBM corp.). Geosta-
tistical analysis performed by geography information sys-
tem (GIS) software in this study was to investigate spatial
distributions of heavy metals in the rice samples. Kriging
considered as the best spatial covariance interpolation
method is a geostatistical interpolation method using the
semivariogram to quantify the spatial variability of
regionalized variables (Chen et al. 2014). A suitable theory
model and parameters for spatial interpolation were
obtained through analysis of the semivariogram (Chen
et al. 2008). In this study, the distribution maps were
plotted using ordinary kriging interpolation technique to
predict heavy metal concentrations at unsampled or
unmeasured locations.

Risk assessment

Human exposure to heavy metals from ingestion of rice
was assessed by estimated daily ingestion (EDI), which
was expressed according to the equation as follows:

EDI, — C; x DI

(1)

where EDI; (mg/BWkg day) is the estimated daily intake
of heavy metal i, C; (mg/kg) is the concentration of heavy
metal i in rice grains, DI (kg/day) is daily ingestion rate of
rice and BW (BWkg) is average body weight of local
consumer.

The potential health risk to rice consumer was calcu-
lated using the equation as follows (Islam et al. 2014):

EDI; EF xED

THQ, —
Q = RDo; AT

(2)

where THQ); is the target hazard quotient of heavy metal i,
RfDo; (mg/BWkg day) is the oral reference dose for heavy
metal i, EF (days/year) is the exposure frequency, ED
(year) is the exposure duration and AT (day) is the average
exposure time to toxic substances (Ma et al. 2002).

In order to estimate the additive health risk from
exposure to all the investigated heavy metals, the hazard
index (HI) was employed using the following equation
(USEPA 1986):

HI = THQgq + THQc, + THQc, -+ THQ, + THQy.
+ THQwm, + THQy; + THQpy, + THQz,. (3)

The average daily ingestion rate and body weight of an
adult were 0.425 kg/day and 58.1 kg, respectively, in
Hunan Province (Ma et al. 2016c). The EF, ED and AT
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selected in this study were 365 days/year, 70 years and
25,550 days, respectively. The uncertainty of the index of
THQ and HI was conducted through Monte Carlo
simulation (Jia et al. 2016; Ma et al. 2017a), which was
performed by the Crystal Ball software.

Results and discussion
Heavy metal concentrations in rice grains

The descriptive statistics was applied to summarize the
heavy metal concentrations, and the results are profiled
in Table 1. The maximum values of Cu, Pb and Zn were
6.292, 0.089 and 31.535 mg/kg, respectively, lower than
the CMCLs (10 mg/kg for Cu, 0.2 mg/kg for Pb and
50 mg/kg for Zn) in paddy rice (China Food Standard
Agency 2012), which means there was no obvious Cu,
Pb or Zn pollution in the study area. Although the mean
value of Cr (0.644 mg/kg) in the rice was lower than the
CMCLs (1.0 mg/kg), the maximum value of Cr
(4.226 mg/kg) was 4 times higher which meant Cr pol-
lution might exist in some subareas. The mean value of
Cd (0.240 mg/kg) was higher than the CMCLs (0.2 mg/
kg). The Cd level in rice was found to be proportional to
the concentration of Cd in the paddy soils (Wang et al.
2016). However, the Cd content in rice grains was also
influenced widely by other factors such as rice cultivars,
agricultural conditions and soil properties (Li et al.
2012). The normality of heavy metal distributions in the
rice was examined by one-sample Kolmogorov—Smirnov
(K-S) test. Co, Cu, Mn, Ni, Pb and Zn with p > 0.05
were considered to be normal distributed in the study
area. Oppositely, Cd, Cr and Fe with p < 0.05 could not
pass the test for normality. The coefficients of variation
(CV) were found to be large (>30%) in most of the heavy
metals (except Zn) indicating wide variation of con-
centrations in the locally grown rice.

Statistical analysis

Table 2 shows the Pearson’s correlation matrix with sig-
nificant level at right upper part and correlation coefficient
at left lower part. Co was found to be positive correlated
with Cr (r = 0.412), Fe (r = 0.409), Mn (r = 0.522), Ni
(r =0431) and Zn (r = 0.413) at the p < 0.01 level.
Positive significant correlations at the p < 0.01 level were
also found between Cd and Ni (r = 0.457), Cr and Fe
(r =0.814), Cu and Ni (r = 0.667), and Mn and Zn
(r = 0.609). Positive correlations with significance at 0.05
level were observed between Cd and Cu (r = 0.366), Co
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Table 1 Descriptive data of heavy metal concentrations in rice grain samples from Hunan Province

Heavy Minimum Maximum Mean Std. Deviation Coefficient of K-S Threshold

metal (mg/kg) (mg/kg) (mg/kg) (mg/kg) Variance (%) (normal) p value®

Cd 0.020 1.456 0.240 0.297 124 0.016 0.2

Co 0.006 0.033 0.015 0.007 48 0.072 -

Cr 0.000 4.226 0.644 0.726 113 0.021 1.0

Cu 1.039 6.292 2.977 1.057 36 0.790 10

Fe 3.561 195.328 15.799 27913 177 0.000 -

Mn 8.454 45.370 14.832 6.453 44 0.089 -

Ni 0.091 1.309 0.342 0.232 68 0.113 -

Pb 0.003 0.089 0.027 0.020 76 0.210 0.2

Zn 12.139 31.535 19.739 4.262 22 0.950 50

# Chinese maximum contaminant levels for rice regulated by China Food Standard Agency (China Food Standard Agency 2012)

Table 2 Pearson’s correlation cd Co Cr Cu Fe Mn Ni Pb 7n

matrix for heavy metal

concentrations Cd 0.784 0.187 0.012 0355 0.493 0.001 0.670  0.137
Co 0.042 0.004 0.163 0.005  0.000 0.003 0.048  0.004
Cr —0.198 0.412%%* 0.695 0.000 0.451 0.923 0.500 0.373
Cu 0.366* 0.209 0.059 0216  0.332 0.000 0.366  0.930
Fe —0.139 0.409%*  0.814**  0.186 0.481 0.836 0933  0.859
Mn 0.104 0.522%*%  0.114 0.146 0.106 0.210 0.215  0.000
Ni 0.457*%  0.431**  0.015 0.667**  —0.031  0.188 0.029  0.275
Pb —0.065 0.293%* 0.102 0.137 0.013  0.186 0.321%* 0.095
Zn 0.223 0.413**  0.134 0.013 0.027  0.609%*  0.165 0.249

The right upper part is significant level, and the left lower part is correlation coefficient
* Correlation is significant at the 0.05 level (2-tailed)

** Correlation is significant at the 0.01 level (2-tailed)

Table 3 Rotated component matrix for heavy metal contents

Heavy metal Component
1 2 3 4

Cd —0.258 0.693 0.234 —0.380
Co 0.478 0.254 0.571 0.296
Cr 0.919 —0.047 0.097 0.062
Cu 0.164 0.860 —0.050 0.079
Fe 0.949 0.037 0.027 —0.056
Mn 0.087 0.077 0.858 0.067
Ni —0.004 0.863 0.143 0.302
Pb —0.008 0.120 0.175 0.909
Zn —0.012 0.028 0.887 0.060
Eigenvalues 2.075 2.053 1.968 1.171
% of Variance 23.057 22.816 21.861 13.009
Cumulative % 23.057 45.873 67.734 80.743

PCA loadings >0.5 are shown in bold
Extraction Method: Principal Component Analysis

Rotation Method: Varimax with Kaiser Normalization

Rotation converged in 5 iterations

Cr

Fe

Mn

zZn

Co

Pb

Cu

Cd

5

1

0
|

15
|

Rescaled Distance Cluster Combine
20

25

C1

C2

Cc3

c4

Fig. 2 Dendrogram of HCA for heavy metal concentrations in rice

grain samples

Y
ﬁ @ Springer



1566

Int. J. Environ. Sci. Technol. (2018) 15:1561-1572

30°0'N
[29°0'N
28°0'N
[27°0'N
’{ v F26°0'N
Cd (mg/kg)
020 - 030
030 - .048
048 - 082
Cogend ] 0011
+ Sampling Site || ey 553 _ 451 | { [25°0N
© Major City || g 451 - 809 01020740 60 80
—River I 809 - 1.46 e km
109°0°E 110°0E 1M1°0E 12°0E MI0E 14°0E

30°0'N

[29°0'N

[28°0'N

F27°0'N

26°0'N
Cr (mg/kg)
000 - 130
130 - .207
207 - .337
Legend 171,337 - 553

+ Sampling Site || g aa - 218

mplin 9161521 L2 o
@ Major City I 1.52-2.53 01020740 60 80
—River M 2.53-4.23 — kM
109°0°E 10°0°E 11°0E 12°0E 13°0E 140

[F30°0'N

[F29°0'N

[-28°0'N

[F27°0'N

LA 26°0'N
Co (mg/kg)

.006 - .008
.008 - .010
010-.012
Legond — || = otz r1
~ Sampling Site || g 015~ 020
® M_ajor City I 020 - .025
—River I .025 - .033

[25°0'N

T T T T T
109°0'E 110°0'E 11°0'E 112°0'E 113°0'E 14°0'E

[30°0'N

[F29°0'N

[-28°0'N

[27°0'N

[-26°0'N

Cu (mg/kg)
1.04-1.88
1.88 - 2.49
2.49-2.92
Cegend | 22
+ Sampling Site || sy 5 6 _ 4,27
© Major City 427 - 5.1
—River 511629

109°0'E 110°0E 1170 12°0E 13°0E 14°0E

F25°0'N
01020—740 60 80
— e km

Fig. 3 Spatial distribution of heavy metal concentrations in rice grain samples

and Pb (r = 0.293), and Ni and Pb (r = 0.321). Heavy
metals with significant correlations could not always
expect to be a common source (Zhou et al. 2014). Never-
theless, useful information on origin and uptake pathway of
heavy metals in rice could be derived from the result of
relationships.

* @ Springer

Before the PCA approach, KMO measure and Bar-
tlett’s test were employed to examine the sampling ade-
quacy and sphericity. The KMO value and Bartlett’s test
significance obtained were 0.535 and <0.001, respec-
tively, indicating that the PCA was valid in this study (Ma
et al. 2017b). As presented in Table 3, four PCs were



Int. J. Environ. Sci. Technol. (2018) 15:1561-1572

1567

30°0'N
29°0'N
28°0'N
F27°0'N
26°0'N
Fe (mg/kg)
3.56 - 5.97
5.97-7.11
741-952
Gognd ] es14s
* Sampling Site || g 253 _ 478 L2seon
© Major City | mm47.8-95.3 01020740 60 80
—River I 95.3 - 195 e km
109°0°E 110°0E M0 12°0E 13°0E 14°0°E
F30°0'N
+29°0'N
-28°0'N
F27°0'N
-26°0'N
Ni (mg/kg)
091 -.165
165 -.203
203 - 222
gend | 2w
+ Sampling Site || g ‘334 _ 470 Loseon
© Major City |\ w479 - .760 01020740 60 80
—River I 760 - 1.31 — e km
109°0°E 110°0E 1150E 12°0E 13°0E 1a0E

Fig. 3 continued

extracted from the PCA approach with the eigenvalue
>1.0. PC1 with positive and strong loading by Cr (0.919)
and Fe (0.949) explained 23.1% of the total variance. PC2
explained 22.8% of the total variance and was
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characterized by strong loading of Cd, Cu and Ni, whose
coefficients were 0.693, 0.860 and 0.863. PC3 explained
21.9% of the total variance and was strongly loaded by Co
(0.571), Mn (0.858) and Zn (0.887). PC4 explaining
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Fig. 3 continued

13.0% of the total variance was strongly loaded by Pb
with the coefficient of 0.909.

Figure 2 shows the dendrogram generated from HCA
approach. Four distinct clusters corresponding to four PCs
were identified on the basis of Ward’s method and squared
Euclidean distance. Cr and Fe classified into Cluster 1
(C1), which corresponded to PC1 and could be primarily
associated with the natural origin. Cluster 2 (C2) corre-
sponding to PC3 included Co, Mn and Zn, which could be
mainly originated from anthropogenic sources, such as
mining and smelting activities. Pb categorized into Cluster
3 (C3) individually was derived from mining activities.
Cluster 4 (C4) corresponding to PC 2 consisted of Cd, Cu

Table 4 EDI, RfD and THQ for individual heavy metals

and Ni, which could be associated with a combination of
geogenic and anthropogenic sources.

Spatial distribution and source identification

The spatial distributions of the investigated heavy metals in
the rice samples were predicted using ordinary kriging
interpolation technique. The contour maps of Cd, Co, Cr,
Cu, Fe, Mn, Ni, Pb and Zn are demonstrated in Fig. 3.

As illustrated in Fig. 3¢ and e, similar spatial distribu-
tions were found for Cr and Fe with concentrations at the
northeast corner and low concentrations at other regions of
Hunan Province. The result was in agreement with the PCA
and HCA approaches. Significant correlation between Cr
and Fe was attributed to their similar physical and chemical
properties. As trivalent cations in nature, Cr and Fe could
be mainly derived from the natural existence and shared
same uptake route from soil into rice.

As presented in Fig. 3d and g, the spatial distributions of
Cu and Ni showed similar trend with high concentrations at
the northeast region and low concentrations at the south-
west region. The uptake of heavy metals from soil solution
to rice plant is complex, depending on many factors such as
soil pH, organic matter, redox potential, hydrological
conditions and cation exchange capacity (Zeng et al. 2011).
The distribution of Cu and Ni in the collected rice grains
could be influenced by soil properties and agricultural
conditions. Although Cd was classified into C3 in the HCA
and PC3 in the PCA same as Cu and Ni, the counter map of
Cd (Fig. 3a) was different from the others. Relatively high
concentration of Cd was located at the northwest, middle
and east regions, which means human activities made a
contribution to the Cd concentration. As mentioned before,
the Cd contamination in Hunan Province was mainly
derived from nonferrous mining and smelting activities.

The distribution patterns of Mn, Pb and Zn shown in
Fig. 3f, h and i, respectively, were similar while high
concentrations at the east or southeast region and low

Heavy metal EDI (mg/BWkg day) RfDo (mg/BWkg day) THQ
Mean 5th percentile 50th percentile 95th percentile

cd 1.8 x 1073 1.0 x 1073 1.754 0.965 1.709 3.047
Co 1.1 x 107 1.1 x 107 1.001 0.606 0.987 1.622
Cr 47 x 1073 1.5 x 107° 0.003 0.002 0.003 0.005
Cu 22 x 1072 40 x 1072 0.544 0.329 0.535 0.877
Fe 12 x 107! 7.0 x 107! 0.165 0.084 0.158 0.299
Mn 1.1 x 107! 1.4 x 107! 0.775 0.467 0.763 1.252
Ni 25 x 1073 1.1 x 1072 0.228 0.135 0.224 0.372
Pb 2.0 x 107 40 x 1073 0.049 0.029 0.048 0.081
Zn 1.4 x 107! 3.0 x 107! 0.481 0.292 0.474 0.771
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Fig. 4 Spatial distribution of HI

concentrations at the west or northwest region. When
grown in mine impacted region, the rice plants were
observed to be more efficient to accumulate heavy metals
in the grains (Williams et al. 2009). The hot-spot areas in
the distribution patterns of Mn, Pb and Zn could be mainly
related to mining and smelting activities (Liao et al. 2005,
Williams et al. 2009). Co was classified into same groups
as Mn, Pb and Zn in the HCA approach, whereas the dis-
tribution pattern of Co was distinctly different from Mn, Pb

and Zn. This result implied that the accumulation and
translocation of Co might be affected by various factors.
Co should be originated from a combination of geogenic
and anthropogenic sources.

Risk assessment

Dietary exposure to heavy metals for local rice consumers
was estimated as listed in Table 4. The average EDI from
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rice  consumption was 1.8 x 10_3, 1.1 x 10_4,
47 x107°, 22x107% 12x107", 1L1x 107},
25 % 107°, 2.0 x 107* and 1.4 x 107" mg/BWkg day
for Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn, respectively.
Furthermore, the potential health risk to the rice consumers
was evaluated through the index of THQ. The RfDo for
heavy metals is listed in Table 4 (USEPA 2015; Yipel and
Yarsan 2014). Due to no Cr(VI) species detected in any
plant samples (Novotnik et al. 2013), the RfDo for Cr in
risk assessment was regarded to be the same as Cr(IIl)
species, 1.5 mg/BWkg day. The average THQ values of
Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn were 1.754, 1.001,
0.003, 0.544, 0.165, 0.775, 0.228, 0.049 and 0.481,
respectively. As recommended by USEPA, the THQ value
higher than 1.0 would pose significant chronic health risk
to residents consuming the corresponding food (USEPA
1989). For exposure to individual heavy metal, only the
mean value of THQ for Cd exceeded the threshold value,
suggesting high potential chronic health risk to residents in
Hunan Province through rice consumption. The uncertainty
of THQs was estimated through Monte Carlo simulation
(Table S2). The distribution patterns of THQs are illus-
trated in Figure S1. The mean, 5th, 50th and 95th percentile
values of THQs derived according to the probabilistic
modeling are summarized in Table 4. The THQ at the 95th
percentile for Cr, Cu, Fe, Ni, Pb and Zn was lower than 1,
indicating no particular health risk to over 95% of con-
sumers from exposure to these elements individually.
However, the THQ at the 95th percentile for Co and Mn
was higher than 1, representing there is a detectable health
risk to over 5% of consumers. The HI was calculated as
sum of THQs. The uncertainty of HI was evaluated through
Monte Carlo simulation as well, and the distribution pattern
is demonstrated in Figure S2. The mean, median, 5th and
95th percentile values of HI were 5.160, 4.908, 3.036 and
8.138, respectively, higher than the threshold value. The
spatial distribution of HI demonstrated in Fig. 4 was sim-
ilar with Cu (Fig. 3d) and Ni (Fig. 3g). The pattern showed
relatively high potential health risk at northeast region,
especially around the Lake Dongting and the Cities of
Changsha, Xiangtan and Zhuzhou. The HI value declined
from northeast to southwest.

Conclusion
In this study, heavy metal contamination of polished rice

grains grown in Hunan Province, Southern China, has been
investigated. A total of 46 rice samples were collected
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throughout the study area. The concentrations of Cd, Co,
Cr, Cu, Fe, Mn, Ni, Pb and Zn in rice samples were
determined by the ICP-MS method. The mean concentra-
tion of Cd in the samples was higher than the CMCLs,
indicating possible Cd pollution in corresponding paddy
soils. As the result of Pearson’s correlation analysis, pos-
itive correlations with significance at 0.01 level were
observed between Co and Cr (r = 0.412), Co and Fe

(r=0409), Co and Mn (r=0522), Co and Ni
(r=0431), Co and Zn (r=0413), Cd and Ni
(r=0457), Cr and Fe (r=0814), Cu and Ni

(r = 0.667), and Mn and Zn (r = 0.609). In the PCA
approach, three PCs were extracted according to the
eigenvalue >1.0. Co, Mn and Zn were strongly loaded
(>0.6) on PC1; Cr and Fe were strongly loaded (>0.9) on
PC2; and Cd, Cu and Ni were strongly loaded (>0.65) on
PC3. In the HCA approach, three distinct clusters were
found while C1 consisted of Cr and Fe, C2 consisted of Co,
Mn, Pb and Zn, and C3 consisted of Cd, Cu and Ni. The
spatial distributions of heavy metals were predicted by the
ordinary kriging interpolation. Cu and Ni with similar
distribution patterns could be primarily originated from
geogenic source. The hot-spot areas in the distribution
patterns of Mn, Pb and Zn could be mainly related to
mining and smelting activities. Cd and Co might be derived
from the combination of natural existence and anthro-
pogenic sources. The chronic non-carcinogenic effect on
local rice consumers from exposure to heavy metals was
estimated by the target hazard quotient (THQ). The mean
value of THQ for Cd exceeded the threshold value sug-
gesting high potential health risk to residents in Hunan
Province through rice consumption.
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